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Evaluation of Selected Methods for Determining 
Streamflow During Periods of Ice Effect

By N.B. Melcher anc/J.F. Walker

Abstract

Seventeen methods for estimating ice-affected stream- 
flow are evaluated for potential use with the U.S. Geologi 
cal Survey streamflow-gaging station network. The methods 
evaluated were identified by written responses from U.S. 
Geological Survey field offices and by a comprehensive lit 
erature search. The methods selected and techniques used 
for applying the methods are described in this report.

The methods are evaluated by comparing estimated re 
sults with data collected at three streamflow-gaging stations 
in Iowa during the winter of 1987-88. Discharge measure 
ments were obtained at 1- to 5-day intervals during the ice- 
affected periods at the three stations to define an accurate 
baseline record. Discharge records were compiled for each 
method based on data available assuming a 6-week field 
schedule.

The methods are classified into two general categories  
subjective and analytical depending on whether individual 
judgment is necessary for method application. On the basis 
of results of the evaluation for the three Iowa stations, two of 
the subjective methods (discharge ratio and hydrographic- 
and-climatic comparison) were more accurate than the other 
subjective methods and approximately as accurate as the best 
analytical method. Three of the analytical methods (index 
velocity, adjusted rating curve, and uniform flow) could po 
tentially be used at streamflow-gaging stations, where the 
need for accurate ice-affected discharge estimates justifies the 
expense of collecting additional field data. One analytical 
method (ice-adjustment factor) may be appropriate for use at 
stations with extremely stable stage-discharge ratings and meas 
uring sections. Further research is needed to refine the ana 
lytical methods. The discharge-ratio and multiple-regression 
methods produce estimates of streamflow for varying ice con 
ditions using information obtained from the existing U.S. Geo 
logical Survey streamflow-gaging network.

INTRODUCTION

The U.S. Geological Survey operates continuous 
streamflow-gaging stations at more than 6,500 locations in 
the United States. Discharge at streamflow-gaging stations 
is normally computed using a defined relation between 
stream stage and stream discharge. This relation is referred 
to as a stage-discharge rating. The stage-discharge rating at

more than one-half of the stations is affected by backwater 
from ice formation during part of the winter (see app. table 
A2). The most commonly used method of estimating 
streamflow during periods of ice cover depends on the 
hydrographer's judgment and is not readily adapted to auto 
mated data processing. This method evolved more than 50 
years ago and neither uses automated data-processing tech 
niques nor fully incorporates advances in the understanding 
of ice hydraulics. Because the method depends on indi 
vidual judgment, the accuracy of ice-affected streamflow 
estimates had not previously been defined. The inability to 
automate the process of estimating ice-affected streamflow 
records increases streamflow-gaging-station operation costs. 
Thus, an evaluation of proposed and other existing methods 
for determining streamflow during periods of ice effect was 
conducted by the U.S. Geological Survey.

This report presents the findings of that study. Se 
lected methods were evaluated in terms of accuracy, cost, 
technical soundness, ice conditions, application to comput 
ers, and feasibility for use in the U.S. Geological Survey 
streamflow-gaging network. The accuracy of the selected 
methods was estimated by using data collected at three 
representative streamflow-gaging stations in Iowa. The 
findings of this study apply to streamflow-gaging stations 
with characteristics that are comparable to the three sites 
investigated.

METHODS OF STUDY

Identification of existing and proposed methods for 
determining streamflow during ice-affected periods was 
accomplished by a written survey of U.S. Geological Sur 
vey field offices and by a comprehensive literature search. 
The objectives of this survey were to assess the frequency 
and types of ice effect at streamflow-gaging stations and to 
identify all methods presently used by the U.S. Geological 
Survey to compute ice-affected streamflow record. A lit 
erature search was also conducted to identify methods 
used for computation of ice-affected streamflow record by 
other countries or other methods proposed by the scientific 
community. The identified methods were then evaluated 
for three selected sites in Iowa.

Methods of Study 1



Survey

A written survey of all U.S. Geological Survey field 
offices was completed in June 1987. This survey evaluated 
the frequency and types of ice effects at streamflow-gaging 
stations throughout the United States, identified methods 
used to compute ice-affected streamflow record, and as 
sessed the time and cost of computing ice-affected stream- 
flow record. The survey results indicated that ice effects 
occurred at streamflow-gaging stations in 44 of 50 States. 
Some ice effects occurred at 3,734 of 6,616 streamflow- 
gaging stations. Of the total ice-affected days reported, 68 
percent were affected by complete surface ice cover, 17 
percent by shore ice, 11 percent by anchor ice, and 4 per 
cent by frazil ice. The computation of ice-affected stream- 
flow records required extra computation time and increased 
the cost of compiling streamflow records.

Almost all offices use the hydrographic-and-climatic- 
comparison method to compile ice-affected streamflow 
records. The most frequently used data are winter-discharge 
measurements, hydrographic comparison, air-temperature 
and winter-precipitation records, and recorded stage. The 
only method reported in the survey that uses a systemati 
cally applied procedure for computing ice-affected stream- 
flow is the discharge-ratio method. Twelve districts 
reported at least occasional use of this method, and these 
districts indicate that it provides reasonable results for 
some streamflow-gaging stations.

Several districts reported using backwater shifts as a 
method for verifying ice-affected streamflow record, par 
ticularly during freezeup or breakup periods. Recession 
curves or coefficients, stream conductivity, and index sta 
tions are considered to be important information and are 
used in conjunction with the hydrographic-and-climatic- 
comparison method by several districts. No systematic use 
of these methods was reported. A copy of the original sur 
vey and selected results are included in the appendix.

Literature Search

Methods used by other countries or proposed by the 
scientific community were identified through literature 
searches or by communications with subject authorities. 
Searches by subject matter were conducted at several com 
prehensive scientific libraries. Scientific journals and sym 
posium proceedings related to ice studies were examined 
for ideas or proposed methods for determining streamflow 
during ice-affected periods. Personal contacts were made 
with subject authorities or scientific organizations that 
have experienced staff and recognized expertise in ice- 
related investigations.

Several articles proposed methods and described 
their use. Modifications of an author's suggested proce

dures were at times necessary during this study to make 
the method compatible with the U.S. Geological Survey 
streamflow-gaging network or to adapt the method to 
equipment or technology presently available.

Ideas for other methods were found in articles that 
described or investigated other ice-related phenomena. The 
specific procedures for method application were not al 
ways described in these articles; therefore, procedures for 
method application were developed during this study.

Data Collection

The various ice conditions that typically occur in 
Iowa are representative of ice conditions that occur 
throughout much of the United States. Streams in the 
midlatitude regions of the United States tend to have inter 
mittent ice-affected periods during the winter. Warming 
trends during the winter months cause stream runoff to 
occur and frequently cause the ice cover to clear from the 
channel. Streams in the northern States typically have only 
one extended period of ice cover.

Streams in southern Iowa are affected by ice from 
mid-December through late February, and warming trends 
occur throughout the winter. These warming trends are of 
ten long enough to cause increases in stream runoff and 
may cause the channel ice to clear from rivers and 
streams. Streams in the northern part of the State are ice 
affected from early December through mid-March. Warm 
ing trends long enough to cause significant runoff are un 
usual during the winter months, and, typically, ice cover 
on streams in northern Iowa remains stable throughout the 
winter.

Field data for evaluating the selected methods were 
collected during the winter of 1987-88. The meteorologi 
cal conditions in Iowa during the 1987-88 winter were 
near normal (table 1).

Data for evaluating the selected methods were col 
lected at three streamflow-gaging stations in Iowa (fig. 1). 
These stations were selected to represent a range of hydro- 
logic and hydraulic conditions. These conditions include 
drainage area, channel width, mean depth, control condi 
tions, and gage equipment. A description of the three 
streams and the ice periods monitored are summarized in 
table 2. Complete surface ice cover was the cause of back 
water during most of the study period for the three test 
stations. Anchor ice, floating or submerged frazil ice, and 
shore ice were observed during some periods.

Clear Creek near Coralville, Iowa

This station is located on a small tributary of the 
Iowa River in east-central Iowa. The Clear Creek basin is 
in the Southern Iowa Drift Plain (Prior, 1976). The area
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Table 1. Statewide monthly temperature, precipitation, and snowfall in Iowa 
for the 1987-88 winter period, and averages for the 1951-1980 period

[Source: Iowa Department of Agriculture and Land Stewardship, Weather Summaries, 
Monthly]

Temperature
(°F)

Month

January   

1 987-88 
winter

. _ 32 9
  - 15.5
  - 15.1

1951-80 
average

28.6 
16.4 
19.3

Precipitation 
(inches)

1987-88 
winter

2.61 
.60 
.02

1951-80 
average

1.85 
.76 
.52

Snowfall 
(inches)

1 987-88 
winter

12.4 
2.6 
8.9

1951-80 
average 1

9.5 
5.0 
7.8

'Average monthly snowfall from E. May, Iowa State Climatologist, written, com- 
mun. (1988).

has mature topography with an integrated drainage of 
weathered glacial till overlain by a moderate to thick loess 
cover. The region is humid; average precipitation is 34.6 
in./yr (inches per year) and average snowfall is 28.6 in./yr. 
The mean annual temperature is 50.2 °F, and the mean 
January temperature is 19.8 °F (E. May, Iowa State Clima 
tologist, written commun., 1988). The basin drainage area 
is 98.1 mi2 (square miles); during winter, the channel 
width is about 45 ft (feet) and the mean effective depth is 
about 0.8 ft. The streambed is composed of sand and silt, 
and the station has a shifting low-water control. River 
stage is recorded using a stilling well with a digital paper- 
tape primary recorder and is supplemented by an analog 
recorder.

Des Moines River at Fort Dodge, Iowa

This station is located on the main stem of the Des 
Moines River in north-central Iowa. The Des Moines 
River basin is in the Des Moines Lobe. This area is 
overlain with recent glacial drift and is poorly drained. 
The region is humid; average precipitation is 32.3 in./yr 
and average snowfall is 39.5 in./yr. The mean annual 
temperature is 47.5 °F, and the mean January tempera 
ture is 15.8 °F (E. May, Iowa State Climatologist, writ 
ten commun., 1988). The basin drainage area is 4,190 
mi2 ; during winter, the channel width is about 320 ft and 
the mean depth is about 1.5 ft. The streambed is com 
posed of gravel and cobbles, and the station control is 
stable. River stage is recorded using a stilling well with 
a digital paper-tape recorder.

Floyd River at James, Iowa

This station is located on a tributary to the Missouri 
River in northwestern Iowa. The Floyd River basin is in

the Northwest Iowa Plains. This area has mature topogra 
phy with an integrated drainage and is overlain with mod 
erate to thick loess cover. The region is subhumid; average 
precipitation is 25.4 in./yr and average snowfall is 31.6 
in./yr. The mean annual temperature is 48.4 °F, and the 
mean January temperature is 16.2 °F (E. May, Iowa State 
Climatologist, written commun., 1988). The basin drainage 
area is 882 mi2; during winter, the channel width is about 
110 ft and the mean depth is about 0.7 ft. The streambed 
is composed of silt and fine sand, and the station has a 
moderately shifting control. River stage is recorded using a 
mercury manometer with a digital paper-tape primary re 
corder and is supplemented by an analog recorder.

Data-Collection Strategy

Discharge measurements were made at the three 
streamflow-gaging stations at 1- to 5-day intervals during 
periods of ice effect using standard ice-measurement tech 
niques (Buchanan and Somers, 1969). Vertical velocity 
profiles also were made at three locations across the meas 
urement cross sections by measuring point velocity at nine 
equal-depth percentages (10, 20, ..., 80, 90 percent). A de 
scription of the appearance of the ice was recorded during 
each discharge measurement, and a representative block of 
ice was cut from the ice cover and the underside was pho 
tographed and described in the measurement notes.

Once-daily measurements of specific conductance 
were obtained at the gaging stations. Records of point ve 
locity were maintained for the streamflow-gaging stations 
on the Des Moines River at Fort Dodge and Clear Creek 
near Coralville. Point-velocity record was not collected at 
the Floyd River at James site because only two sets of 
velocity-monitoring equipment were available. Auxiliary 
gages were operated 3.0 mi (miles) downstream from the 
Floyd River at James and 1.9 mi downstream from Clear
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Creek at Coralville. Gage height was obtained at the auxil 
iary gages by once-daily readings from a wire-weight gage 
or by measuring the distance from the stream water sur 
face to a reference point. Because section control exists for 
all normal winter flows at the Des Moines River at Fort 
Dodge, auxiliary-gage height data were not collected.

Development of Baseline Records

A baseline daily streamflow record was developed 
for each station to evaluate the selected methods. The 
baseline record was constructed by hydrographers experi 
enced in making ice-affected streamflow estimates and

familiar with the streamflow-gaging stations and local to 
pography. All discharge measurements and ancillary infor 
mation were used to develop daily streamflow records. 
The frequency of the data collection significantly reduced 
the interpretation required to construct the ice-affected 
streamflow records. The daily streamflow records were re 
viewed by several personnel experienced in compiling and 
reviewing ice-affected streamflow records and were ac 
cepted as baseline conditions. The discharge record is re 
ferred to as a baseline record because, for statistical 
analysis purposes, it is considered to be a correct discharge 
and is the basis for comparing and analyzing the selected 
methods. Because of the small amount of interpretation 
needed to compile the baseline record, the discharge

50 MILES

50 KILOMETERS

EXPLANATION

A 05454300 Test streamflow-gaging station 
and number

A 05454000 Correlated streamflow-gaging 
station and number

* IOWA CITY Climatological station and 
name

Figure 1. Location of test streamflow-gaging stations, correlated streamflow-gaging stations, and climatological stations in 
Iowa.
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Table 2. Description of streamf low-gaging stations and periods of ice effect monitored during the 
1987-88 winter

[mi2 , square miles]

Station

05454300  

05480500  

Name

Coralville, Iowa

Fort Dodge, Iowa

Drainage 
area (mi 2)

98.1

4,190

Number of ice 
measurements

33

21

Number of 
ice-affected days

66

67

Period(s) o 
ice effect

FVr 1 S 9f>

Dec. 31 -Jan. 
Jan. 22-31 
Feb. 2-29

Dec. 15-18 
Dec. 29-Feb.

f

19

29

06600500 - Floyd River at 
James, Iowa

882 39 79 Dec. 15-March 2

values are not absolute. The completed records, the dis 
charge measurements, the indicated open-water discharge 
hydrographs, and climatic data are shown in figure 2. The 
indicated open-water discharges are the discharges com 
puted for periods of ice effect using the stage-discharge 
rating without adjustments for ice effect. Because of the 
increased friction and reduced flow area resulting from ice 
cover, the indicated open-water discharge is usually 
greater than the actual discharge.

Evaluation of Methods

Each selected method was evaluated for accuracy 
and other criteria related to the operation of the U.S. 
Geological Survey streamflow-gaging network. The ac 
curacy evaluation included several measures of error de 
termined by comparing each method with the baseline 
streamflow record. A subset of the measurements used to 
compile the baseline record was used in the evaluation to 
simulate the usual schedule of field data collection. The 
evaluation also included criteria that are not readily quan 
tified, yet are important considerations for evaluation of 
the selected methods, such as cost, technical soundness, 
ice conditions, application to computers, and feasibility 
of application to the U.S. Geological Survey streamflow- 
gaging network.

DESCRIPTION OF METHODS FOR 
DETERMINING STREAMFLOW DURING 
PERIODS OF ICE EFFECT

In this section each method for determining 
streamflow during periods of ice effect is briefly de 
scribed. Procedures for some methods were established

specifically for this study, and these procedures 
are described in the following sections. Each discussion 
concludes with a description of the data required to de 
velop and apply the method.

The selected methods are classified into two general 
categories depending on whether individual judgment is nec 
essary for method application. These two categories are re 
ferred to as subjective and analytical methods. Discharge 
estimates using analytical methods generally are consistent 
and reproducible because the results are obtained by a sys 
tematic computation. Subjective-method results may vary 
because the methods are dependent on individual judgment. 
Given the same set of field data and procedures, two hy- 
drographers working independently should compile the same 
results using an analytical method, but the two results may 
vary using a subjective method. Some analytical methods 
are only intended for use in one particular ice condition and 
may not be applicable for all ice conditions encountered at 
a streamflow-gaging station. Subjective methods generally 
can be used for all ice conditions. The first 6 methods are 
subjective; the remaining 11 methods are analytical. The 
discharge-ratio and backwater-shift methods were evaluated 
using subjective and analytical solutions.

Subjective Methods

Base-Flow Recession

The base-flow-recession method uses the normal re 
cession rate of the nongrowing season to estimate stream- 
flow during ice-affected periods (Rosenberg and Pentland, 
1983). The recession for a station is determined by an 
equation or by a graph. The equation that commonly is 
used to estimate recession discharge is

e = D C ('~'Q> (\ 1 / 5eJn *- > V A 7
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where
Qt is the discharge at time t\
Q0 is the discharge at time ?0; and
C is the recession constant.

The recession constant is defined by historical data. 
Discharge is computed by multiplying the discharge 
prior to the ice-affected period (Q0) by the appropriate 
factor determined by eq (1).
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Figure 2. Baseline streamflow record, indicated open-water discharges, measured discharges, and nearby climatological data 
for gaging stations used in this study. A, Clear Creek near Coralville, Iowa. B, Des Moines River at Fort Dodge, Iowa. C, 
Floyd River at James, Iowa.
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Ice-affected streamflow can also be estimated using 
a graphical solution to the base-flow recession method. An 
appropriate engineering curve is selected and aligned with 
the general recession indicated by a hydrograph of daily 
mean discharge values. This recession curve is drawn on 
the hydrograph, and estimated daily discharge values are

defined by this curve. The shape of the recession in prior 
years and winter-discharge measurements during ice- 
affected periods are also considered in drawing the reces 
sion curve. The equation and graphical solutions to the 
recession-curve method normally will produce similar 
results.

B

  UJ
uT

< I
cc <
LU LL
0. V)
2 LU
UJ UJ
I- CC

90

60

30

0

-30 

5,000

FORT DODGE

I \ I ~ I T I 
Maximum daily temperature-

1.00

0.75

0.50

0.25

0

co
H UJ< I 
t o
0- Z
O -r
UJ ^
cc
Q.

8 1,000
cc

m
3 
o

100

DES MOINES RIVER AT FORT DODGE

3 10 17 24 3 
JAN.

\3 20 27
MAR, IPR.

1987-88 WINTER PERIOD

EXPLANATION
   Baseline record

  - Indicated open-water discharge

  Measured discharge

H Open-water period

® Measurement used for method application

Figure 2. Continued.
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For this study, the base-flow-recession method was 
applied using the graphical solution. The discharge for 
periods without ice effect, the indicated open-water dis 
charges during periods of ice effect, and the maximum 
and minimum daily air temperatures were plotted on

semilogarithmic paper. The recession curve was then drawn 
based on the general shape of the nongrowing-season 
hydrograph recession. The hydrographs for the previous 2 
water years were also considered in defining the recession 
curve. The recession curve accounted for available dis-
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charge measurements by adjusting the discharge for a few 
days before and after the discharge measurement or by 
adjusting the slope of the curve for the entire ice period, 
depending on the hydrographer's interpretation of the cause 
of the discrepancy between indicated open-water discharge 
and the measured discharge. The curve was extended un 
til the end of the ice period and merged with the open- 
water hydrograph.

Discharge Ratio

The discharge-ratio method uses the ratio of meas 
ured discharge to rated discharge to adjust the indicated 
open-water discharge during ice-affected periods (Rantz 
and others, 1982; Rosenberg and Pentland, 1983). The 
ratio (K-i'actor) for each measurement is, calculated by the 
following equation:

where
(2)

Qm is the measured discharge; and
Qr is the rated discharge for the indicated gage

height.
The computed /f-factor for each discharge measurement is 
plotted on semilogarithmic paper. The plotted points are 
connected by modified interpolation, considering the 
effects of changing meteorological conditions. The ^-factor 
is merged with a value of 1.0 on the day prior to and after 
each ice period. The indicated open-water discharges for 
each ice-affected day are then adjusted by the A"-factor 
obtained from the /f-factor line.

This method can also be applied using a graphical 
solution. Discharge measurements, the open-water periods, 
and indicated open-water discharges are plotted on 
semilogarithmic hydrograph paper. The vertical distance 
on the hydrograph between each ice-affected discharge 
measurement and the corresponding indicated open-water 
discharge is measured. This distance is then measured ver 
tically from a selected reference line on the log scale cor 
responding to a value of 1.0, and the displaced point 
indicated by this measurement is marked on the plot. A 
factor line is then drawn through the displaced point by 
the same method used for the analytical solution. The indi 
cated open-water discharges are adjusted by measuring the 
distance from the reference line to the factor line and sub 
tracting this distance from the indicated open-water dis 
charge line. If the factor line and the /f-factor line are the 
same, the equation and the graphical solutions will pro 
duce identical results.

For this study, discharge was computed using the K- 
factor equation. The /f-factor was computed using the ratio 
of the measured discharge and the indicated open-water 
discharge for the mean gage height during the measure 
ment. A modified interpolated /f-factor line was drawn

considering meteorological records and used to adjust the 
indicated open-water discharges.

Backwater Shift

The backwater-shift method uses the backwater 
computed from the open-water stage-discharge rating to 
estimate discharge during ice-affected periods (Rantz and 
others, 1982; Rosenberg and Pentland, 1983). The backwa 
ter for each discharge measurement made during ice- 
affected conditions is computed by subtracting the gage 
height indicated by the stage-discharge rating from the re 
corded gage height. The computed backwater shifts are 
then plotted on hydrograph paper. A backwater curve for 
the ice-affected period is drawn by modified interpolation 
of the plotted backwater shifts, considering the effects of 
changing meteorological conditions on stream backwater. 
The backwater shift for each ice-affected day is deter 
mined from the backwater curve and is subtracted from the 
recorded gage height to compute the effective gage height. 
The discharge for the effective gage height is obtained 
from the stage-discharge rating and plotted on semiloga 
rithmic hydrograph paper.

For this study the backwater shifts were computed 
and plotted on rectangular-coordinate paper. The backwater- 
shift curve was drawn considering meteorological records 
and was merged with the shifts that were used to compute 
the open-water periods before and after the ice-affected pe 
riod. The estimated discharge values were obtained from 
the stage-discharge rating and plotted on semilogarithmic 
hydrograph paper. The values were confirmed by compari 
son with the indicated open-water discharges, and the back 
water curve was adjusted as necessary.

Interpolated Discharge

The interpolated-discharge method (Rosenberg and 
Pentland, 1983) uses a modified interpolation of daily dis 
charge for periods between discharge measurements to es 
timate discharge during ice-affected periods. Discharge 
measurements during ice-affected periods and discharges 
computed during open-water periods are plotted on 
semilogarithmic hydrograph paper. This method does not 
use the indicated open-water discharges. Discharges for 
ice-affected periods are estimated and plotted on this 
hydrograph by interpolating between discharge measure 
ments. This interpolation is modified by considering 
hydrographic comparison with nearby streamflow-gaging 
stations and meteorological records.

For this study, the ice-affected record was estimated 
using discharge measurements during ice-affected periods, 
discharge data computed for open-water periods, and the 
hydrograph record for one nearby hydrologically similar 
streamflow-gaging station.
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Adjusted Discharge

The adjusted-discharge method uses modified inter 
polation between discharge measurements to estimate daily 
mean discharge during ice-affected periods (Rosenberg 
and Pentland, 1983). Discharge measurements during ice- 
affected periods, the indicated open-water discharges, dis 
charges computed during open-water periods, and local 
meteorological records are plotted on semilogarithmic 
hydrograph paper. This method does not use hydrographic 
comparison. Discharges for ice-affected periods between 
discharge measurements are estimated and plotted on this 
hydrograph by modified interpolation, considering the 
other data plotted on the hydrograph.

For this study, the ice-affected streamflow record 
was estimated using discharge measurements during ice- 
affected periods, discharge data computed for open-water 
periods, and local meteorological records.

Hydrographic-and-Climatic Comparison

The hydrographic-and-climatic-comparison method 
generally is used by the U.S. Geological Survey to esti 
mate discharge during ice-affected periods (Rantz and 
others, 1982). Discharge measurements, the indicated 
open-water discharges, meteorological information, and 
notes or observations on ice conditions are plotted on 
semilogarithmic hydrograph paper. Values of daily mean 
discharge are estimated and plotted on this hydrograph 
on the basis of discharges for periods without ice effect, 
the normal trend of the winter hydrograph recession, 
daily discharge estimates for other nearby streamflow- 
gaging stations, and local climatological records.

For this study, discharge was estimated using a 
hydrograph of open-water and indicated open-water dis 
charges, discharge measurements, local meteorological 
records, and a hydrograph for one nearby hydrologically 
similar streamflow-gaging station.

Analytical Methods

Prorated Discharge

The prorated-discharge method uses a linear interpo 
lation of daily discharge for periods between discharge 
measurements to estimate discharge during ice-affected pe 
riods. Discharge measurements during ice-affected periods 
and discharges computed during open-water periods are 
plotted on semilogarithmic hydrograph paper or are writ 
ten in tabular form. Discharges for ice-affected periods are 
estimated by straight-line interpolation on the hydrograph 
or computed by linear interpolation between discharge 
measurements. The ice-affected days preceding and subse

quent to the first and last ice-affected measurements are 
estimated by linear interpolation between the discharge 
computed for the last and first open-water day and the first 
and last discharge measurement.

For this study, the ice-affected record was estimated 
using direct interpolation in tabular form.

Discharge Ratio

Application of this method is the same as the sub 
jective version of the discharge-ratio method, except that 
the discharge-ratio curve is drawn as a linear interpola 
tion of the discharge ratios computed for the discharge 
measurements.

For this study, discharge was compiled using the 
A'-factor equation. The A'-factor was computed using the 
ratio of the measured discharge and the indicated open- 
water discharge for the mean gage height during the meas 
urement. A linear interpolation A'-factor line was drawn 
and used to adjust the indicated open-water discharges.

Backwater Shift

Application of this method is the same as the subjec 
tive version of the backwater-shift method, except that the 
backwater-shift curve is a linear interpolation between the 
backwater shifts indicated by the measurements.

For this study the backwater shifts were computed 
and plotted on rectangular-coordinate paper. A linear- 
interpolation backwater-shift curve was drawn, and this 
curve was merged with the shifts that were used to com 
pute the open-water periods before and after the ice- 
affected period. The estimated discharges were then 
obtained using the backwater-shift curve and the stage- 
discharge rating.

Stage Fall

The stage-fall method uses auxiliary-gage height to 
adjust the indicated open-water discharge for the change in 
stage (fall) over a given stream reach (Carey, 1967). The 
method uses the derived relations between gage height and 
discharge, and between gage height and fall for the least 
backwater conditions. The least backwater rating curve is 
drawn as the lower bound through all ice-affected dis 
charge measurements. Carey (1967) proposed use of a 
third relation between the ratio of discharge to least back 
water discharge and the ratio of fall to least backwater fall.

For this study, the required relations were developed 
using most of the discharge measurements made during 
the study. Discharge measurements that were not made at 
the usual measuring location were omitted. The use of his 
torical data was not possible because auxiliary-gage data
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were not collected prior to this study. Because the 
discharge-ratio versus fall-ratio relations were not well de 
fined, the theoretical square-root relation of discharge to 
fall was used (Rantz and others, 1982). The ice-affected 
streamflow record was computed using daily average val 
ues of gage height, fall computed from the once-daily val 
ues of auxiliary-gage height, and the derived relations.

Adjusted Rating Curve

The adjusted-rating-curve method is based on a 
modification of the open-water rating curve to compensate 
for increased slope of the rating curve due to the rough 
ness of the ice cover. Using Manning's equation, Lavender 
(1984) derived the following equation relating the slope of 
the ice-cover rating curve to the slope of the open-water 
rating curve:

where
(3)

Hg is the open-water gage height;
H. is the ice-affected gage height;
Q is discharge;
nb is the bed roughness; and
n. is the ice-cover roughness.

For given ice-affected discharge measurements, the shift of 
the ice-cover rating curve can be established; thus, an ice- 
cover rating curve can be derived from the new position 
and the adjusted slope.

Roughness for the ice cover and the streambed are 
determined by separating the vertical velocity profile 
into two parts. The part from the ice cover to the point 
of maximum velocity is influenced by the ice roughness; 
likewise, the bed roughness determines the shape of the 
velocity profile from the streambed up to the point of 
maximum velocity. The point of maximum velocity is 
determined by fitting a flexible, general two-power ve 
locity law to the velocity data. For each part of the ve 
locity profile, the roughness is computed from the 
maximum and mean velocities (Larsen, 1966; Gogus and 
Tatinclaux, 1980, 1981; Calkins and others, 1980, 1982; 
Davar and MacGougan, 1984). The composite roughness 
for the entire channel is computed using the Sabaneev 
formula (Nedzhikhovskiy, 1964; Davar and MacGougan, 
1984), and averaged across the cross section using the 
Pratte formula (Pratte, 1979; Davar and MacGougan, 
1984).

For this study, the position of the ice-affected rating 
curve was determined for each discharge measurement; the 
shift is prorated by time for the period between measure 
ments. Roughness ratios are computed using the vertical 
velocity profiles obtained during the 6-week discharge 
measurements, and the ratios are prorated by the time be 
tween measurements. The ice-affected streamflow record

is determined from the updated daily ice-affected rating 
curve and daily average gage height.

Conductance Correlation

The conductance-correlation method is based on a 
statistical relation between discharge and specific conduc 
tance. Specific conductance generally is inversely related 
to streamflow. This relation is due to the higher conduc 
tance of the portion of streamflow resulting from ground- 
water inflow than the portion resulting from surface flow 
(Hem, 1985). The relation between streamflow and con 
ductance is developed from historical data using regres 
sion-analysis techniques.

For this study, measured discharge and specific con 
ductance for the 1984-86 ice-affected periods were used to 
develop regression equations (table 3). Daily discharge was 
computed using a record of once-daily conductance values.

Multiple Regression

The multiple-regression method uses a regression re 
lation established for each site to relate ice-affected dis 
charge to selected hydrologic and climatological variables 
(Fontaine, 1983). The explanatory variables used include 
gage height, indicated open-water discharge, concurrent 
daily discharge at correlated stations, maximum and mini 
mum daily air temperature, maximum and minimum 
monthly air temperature, total precipitation, the previous 
day's total precipitation, and heating degree days for the 
month. Measured discharge is the dependent variable for 
the developed equations.

For this study the regression relations were deter 
mined using data collected for the 1977-87 ice-affected 
periods. The regressions were conducted using a stepwise 
multiple-regression procedure and were limited to four ex 
planatory variables. For each site three correlated stations 
were selected; only one correlated station was used in the 
final equation (fig. 1). All of the regressions had signifi 
cance levels less than 0.001 (p<0.001) and standard errors 
that ranged from 11 to 33 percent (table 4). The ice- 
affected streamflow record was computed using the fitted 
regression equation and values of the pertinent variables.

Index Velocity

The index-velocity method uses stream velocity and 
effective cross-sectional area of the channel to compute 
stream discharge (Strilaeff, 1972). The effective cross- 
sectional area of the channel is the difference between 
total cross-sectional area and the cross-sectional area of 
the ice cover. Velocity is monitored continuously during 
the ice-affected period, and effective cross-sectional area
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Table 3. Regression equations used for the conductance-correlation method 

[<, less than]

Standard
error2 Significance 

Station Equation 1 /?-squared (percent) level (p)

Clear Creek    -QjB=228,000(l/K)-346 0.9298 40 <0.001
Des Moines River   No significant relationship      
Floyd River  -  !2m= 1,610,000(1//0-1,450 .9812 27 <.001

lQm is measured discharge, in cubic feet per second, and K is specific conductance, in 
microsiemens per centimeter.

2Expressed as a percent of the mean measured discharge.

is determined at the velocity monitoring point. Discharge is 
computed as the product of mean velocity and effective 
cross-sectional area.

For this study, stream velocity was monitored us 
ing a single velocity probe located at a representative 
point in the stream cross section. Mean velocity was 
computed by adjusting the point velocity by the ratio of 
mean velocity for the 6-week discharge measurements to 
the concurrent recorded point velocity, and the ratio was 
prorated by time between measurements. The relation 
between stage and total cross-sectional area and the 
cross-sectional area of the ice were defined by the dis 
charge measurements. The cross-sectional area of the ice 
was prorated by time between the 6-week discharge 
measurements. The effective cross-sectional area was 
computed as the difference between total cross-sectional 
area and cross-sectional area of the ice cover. Mean 
daily discharge was computed as the product of mean 
velocity and effective cross-sectional area determined for 
the daily mean gage height.

Ice-Adjustment Factor

The ice-adjustment-factor method uses the concept 
of a stable ice cover for determination of discharge. For 
stable conditions, the ratio of open-water to ice-cover 
hydraulic mean depth, the ice-adjustment factor, is as 
sumed to be constant (Santeford and Alger, 1984, 1986a, 
b; Alger and Santeford, 1984, 1987). The ice-cover hy 
draulic mean depth is determined from an adjusted gage 
height and a table of gage height versus hydraulic mean 
depth. The recorded gage height is adjusted using the 
float depth to give the effective cross-sectional area.

Development of the method involves estimating float 
depth and the ice-adjustment factor for discharge measure 
ments. By definition, float depth is the difference between 
recorded gage height and the equivalent gage height, re 
sulting in the effective cross-sectional area:

FD=GH-GH, (4)
where

FD is the float depth;
GHf is the recorded gage height; and
GH. is the equivalent ice gage height. 

The ice-adjustment factor is computed from the equivalent 
open-water hydraulic mean depth and the hydraulic mean 
depth corresponding to GH.:

where
IAF=DJD., (5)

IAF is the ice-adjustment factor;
Do is the open-water hydraulic mean depth; and
Dt is the hydraulic mean depth corresponding to 

GH..
Discharge is compiled using previously estimated 

float depths and ice-adjustment factors, and the recorded 
gage height. The equivalent ice gage height is obtained by 
rearranging eq (4):

GH=GH-FD. (6)

The ice-cover hydraulic mean depth is obtained from a 
table of hydraulic properties (gage height versus area and 
hydraulic mean depth). The equivalent open-water hydrau 
lic mean depth is found by rearranging eq (5):

D =IAF*D. (7)

For this study the ice-adjustment factor and float 
depth were determined for each ice-affected discharge 
measurement and prorated by time between measurements. 
Because the cross sections changed between measure 
ments, the tables of hydraulic properties were prorated 
from a measurement made before ice-cover formation and 
one made after spring breakup. The ice-affected stream- 
flow record is computed using the hydraulic-property and 
stage-discharge rating tables, the interpolated values of 
ice-adjustment factor and float depth, and daily average 
values of gage height.

12 Evaluation of Selected Methods for Determining Streamflow During Periods of Ice Effect



Table 4. Regression equations used for the multiple-regression method 

[<, less than]

Station

n r

Floyd River      

Equation 1

......Q -0.821<2+1.4ir +0.735(^+0.7527 55.8

  Q -1.91(2 552G+0.047(?d+4.77r +5,440

/?-squared

0.9910 
.9962 

.9783

Standard 
error2 

(percent)

23 
11
33

Significance 
level 3 (p)

<0.001 
<.001 
<.001

l Qm is measured discharge, Qt is indicated open-water discharge, Qd is concurrent daily discharge at a correlated station, G is 
mean daily gage height, Tmm is minimum monthly air temperature, Tmaf is maximum monthly air temperature, and tmu is maximum daily 
air temperature.

Expressed as a percent of the mean measured discharge.
3The significance level of the regression.

Pipe Flow

The pipe-flow method computes streamflow under 
an ice cover as closed-conduit flow (Carey, 1967). The 
Darcy-Weisbach equation is used, with a modified friction 
factor based on water-surface slope:

~]*AR l/2S l/2 , (8)
where

Q is discharge;
g is the acceleration of gravity;
fmod is the modified friction factor;
A is the effective cross-sectional area;
R is the hydraulic radius; and
S is the water-surface slope.

Using regression analyses, relations of fmod to S and ARm 
to gage height are defined.

For this study, the regression equations were devel 
oped using most of the measurements made during the 
1987-88 ice-affected period. Discharge measurements that 
were not made at the usual measuring location were omit 
ted. Water-surface slope was computed using data from 
the auxiliary gage. The ice-affected streamflow record is 
compiled using the defined relations, the Darcy-Weisbach 
equation, daily mean values of gage height, and once-daily 
auxiliary-gage-height values.

Uniform Flow

The uniform-flow method uses Manning's equation 
to compute streamflow during periods of ice effect. Bed 
and ice-cover roughnesses are determined from vertical ve 
locity profiles (see the section "Adjusted Rating Curve") 
and are prorated between measurements. The total cross- 
sectional area is determined using a table of cross-sectional 
area versus gage height. Effective cross-sectional area is 
computed from total area and an estimate of ice area. The

hydraulic radius is determined using a table of cross-sec 
tional area versus gage height, with gage height adjusted 
to give the effective flow area.

For this study, ice roughness and ice cross-sectional 
area were determined for each discharge measurement. 
Ice-roughness values were distributed using a linear inter 
polation by time, and bed roughness was assumed to re 
main constant. Ice cross-sectional area was interpolated by 
time between measurements during the ice-affected period. 
The ice-affected streamflow record was computed using 
Manning's equation, ice and bed roughness, effective 
cross-sectional area, and daily average gage height.

EVALUATION OF METHODS

In this section the various methods are evaluated on 
the basis of accuracy and other criteria related to operation 
of the U.S. Geological Survey streamflow-gaging network. 
Accuracy was evaluated by comparing the method results 
with baseline data for three streamflow-gaging stations in 
Iowa. Additional criteria include factors that are not easily 
quantified but are important considerations that influence 
potential use of a method.

Several factors influence the applicability of a given 
method. The criteria considered in this section include the 
following:

(1) accuracy several measures of error are 
considered;

(2) cost the time and difficulty required to collect 
data for the method, as well as the amount of data required 
in addition to the usual parameters collected at a gaging 
station;

(3) technical soundness the theoretical basis and 
the assumptions that affect the reliability of the method;

(4) ice conditions application of the method to 
various ice conditions;
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(5) application to computers an evaluation of 
whether the method could be used to compile records by 
automated data processing; and

(6) feasibility applicability of the method to the ex 
isting U.S. Geological Survey streamflow-gaging network.

Accuracy

Each selected method was used to estimate discharge 
at three sites in Iowa, and the results were then compared 
with the baseline streamflow records to assess the accu 
racy of each method. The evaluation of the methods was 
based on typical U.S. Geological Survey data-collection 
procedures. Because streamflow-gaging field trips are nor 
mally made at 6-week intervals, the selected methods were 
evaluated using only the field information for gage visits 
made at this interval. A 6-week field-trip interval was re 
constructed based on the pattern of field trips made during 
the previous year. Discharge measurements that coincided 
with the 6-week interval were provided for the evaluation. 
Two discharge measurements made during the ice-affected 
period for each of the three streamflow-gaging stations 
were used for evaluating each method.

The subjective methods were applied indepen 
dently by three hydrographers who are experienced at 
making ice-affected streamflow estimates. Two of the 
three hydrographers are stationed in the Iowa District 
and are familiar with the streamflow-gaging stations 
used in the study and the local hydrology; the other hy- 
drographer is stationed in the Wisconsin District and was 
not familiar with the streamflow-gaging stations or the 
local hydrology. The subjective methods were released 
to the test participants in the order of increasing data re 
quirements, with a 1-week time lapse scheduled between 
method evaluations. All of the participants were pro 
vided with the dates of the ice-affected periods so that 
the evaluation would be a comparison of method accu 
racy rather than an evaluation of the hydrographers abil 
ity to recognize ice effect. The analytical methods were 
applied by the authors because the results are not de 
pendent on the interpretation of the individual applying 
the method.

Application of the methods using different proce 
dures or using sites with different hydrologic or hydraulic 
characteristics than the test sites may produce varying re 
sults. Although the hydrographers were familiar with the 
principles of all the methods used, they were not always 
familiar with method application, and some improvement 
in the accuracy of the results may be obtained with repeti 
tive application of the method. The tests used data col 
lected at a normal 6-week measurement schedule. The 
accuracy of some methods may be improved by adjusting 
the timing of the schedule for that method.

Several measures of error were used to evaluate the 
accuracy of the methods: the percent error for the mean 
discharge during the ice-affected periods, the mean and 
standard deviation of the daily errors, and the distribution 
of daily errors. Statistical tests were performed to evaluate 
the differences between the selected methods and the base 
line record.

A comparison of the estimated average discharge for 
the ice-affected periods with the baseline average was con 
sidered in the evaluation of the methods. Average dis 
charge values are shown in table 5. The relative error for 
the daily discharge values was also computed for each 
method, and the results are summarized in table 6. In table 
6, the relative error is defined as follows:

(9)
where

e is the relative error;
Q is the daily estimated discharge; and
Qb is the daily baseline discharge.

The mean relative error is an indication of the overall bias 
of the method, which is a consistent tendency to either 
over- or underestimate daily discharge. A method with a 
significant bias will have cumulative errors for monthly 
and yearly means regardless of the magnitude of the vari 
ability of the error. The distribution of relative errors for 
the daily discharge values are listed for selected ranges in 
error and summarized in table 7. For publication purposes, 
daily discharge values that are within 5 percent of the true 
discharge are rated "excellent," within 10 percent are rated 
"good," within 15 percent are rated "fair," and not within 
15 percent are rated "poor" (Novak, 1985).

The standard deviation of the daily relative error 
indicates the variability in the errors. The standard de 
viation of the daily relative error would equal the root- 
mean-square error for each method, provided that the 
baseline record was equal to the true daily discharge and 
the discharge was independent from day to day. Al 
though daily discharges are not independent and the 
baseline record contains some uncertainty, the standard 
deviation does give an indication of the variability to be 
expected for a given method and can be used to compare 
different methods with one another. For example, the re 
sults for Clear Creek (table 6) indicate that the relative 
errors associated with the uniform-flow technique (43 
percent) are considerably smaller than the corresponding 
errors for the prorated-discharge technique (454 percent).

The distribution of daily errors is another important 
consideration in the evaluation of a given method. A method 
may have a relatively low bias and standard deviation; how 
ever, the method may provide an occasional estimate with 
an extremely large error. This could be caused by the in 
ability to compute discharge for a temporary set of ice con 
ditions. An overall representation of the daily relative errors
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Table 5. Average discharge during the ice-affected period determined by each method, and percent error 
compared with the average baseline discharge

[ , not computed]

Method 1

Clear Creek

Average Percent 
discharge error

£.Q

Des Moines River

Average 
discharge

290

Percent 
error

 

Floyd

Average 
discharge

170

River

Percent 
error

Subjective methods

Base-flow recession (1)               
Base-flow recession (2)              
Base-flow recession (3)              

Discharge ratio (1)            
Discharge ratio (2)                -
Discharge ratio (3)                  

Backwater shift (1)                 
Backwater shift (2)           .
Backwater shift (3)            

Interpolated discharge (1)         
Interpolated discharge (2)             

Adjusted discharge (1)               
Adjusted discharge (2)              -
Adjusted discharge (3)               

Hydrographic-and-climatic comparison (2)  
Hydrographic-and-climatic comparison (3)  

AS ~\A

38 _44

50 -26

64 50
65 -4.4
79 16

oo 99

77 13
74 8.8

54 91
92 35
87 98

(\1 15

45 34
60 12

5Q 1^

50 99

67 1.5

260 
280 
310

270 
290 
310

270 
310 
320

290 
270 
290

280 
260 
330

270 
290 
270

10
-3.4 

6.9

-6.9 
0 
6.9

-6.9 
6.9 

10

0 
-6.9 

0

34
10
14

-6.9 
0 

-6.9

130 
86 

160

130 
130 
210

230 
260 
220

130 
110 
140

170 
100 
230

140 
160 
200

24
-49 
-5.9

24
24
24

35 
53 
29

-24 
35
1 8

0
-41

35

1 8

-5.9 
18

Analytical methods

Discharge ratio                   
R fif*1r\\rfit&r cViiff

Qfo<TP foil _

Adjusted rating curve              - 
Conductance correlation             -
Multiple regression                -
Index velocity                  -
Ice-adjustment factor              -

Uniform flow                   -

-  151 120
70 2.9
75 10
59 94
H£. 1 T

79 16
-  119 75

79 16
95 40
m 79

H£. 1 1

330 
270 
320

280

340 
300 
310

14 
-6.9 
10

O A

17 
3.4 
6.9

260 
280 
300 
240 
180 
550 
380

220 
110 
160

53 
65 
76 
41 

5.9 
220 
120

29 
-35 
-5.9

'The number in parentheses indicates the hydrographer who compiled the estimated record.

is shown in figure 3, and the percent distribution for select 
ed error ranges is given in table 7. To further aid in the 
interpretation of the results, the estimated and baseline hydro- 
graphs are shown in figures 4-6.

A comparison was made for each method to deter 
mine if the estimated daily discharges were statistically 
different from the baseline daily discharges. Tests for nor

mality revealed that none of the time series followed a 
normal distribution; thus, a nonparametric equivalent to a 
paired f-test, the Wilcoxon signed-rank test (Conover, 
1980), was used to test for differences between estimated 
and baseline discharge. The test was modified to account 
for serial correlation (El Shaarawi and Damsleth, 1988) 
and applied to the time series for each method. The results

Evaluation of Methods 15



Table 6. Statistical summary of the error between estimated daily discharge and baseline daily dis 
charge

[The statistics are computed over the ice-affected period(s).  , not computed]

Clear Creek Des Moines River Floyd River

Standard Standard Standard 
Method' Mean deviation Mean deviation Mean deviation

Subjective methods

Base-flow recession (1)             

Discharge ratio (1)             
Discharge ratio (2)            
Discharge ratio (3)           

Backwater shift (2)                -
Backwater shift (3)               

Interpolated discharge (2)            
Interpolated discharge (3)        

Adjusted discharge (3)              

Hydrographic-and-climatic comparison (1) 
Hydrographic-and-climatic comparison (2) 
Hydrographic-and-climatic comparison (3)

....... 0.01

....... .10

....... .06

....... .21

....... .19

....... .31

    .34
-    .24
....... .22

....... .01
    - .33
.-.-  43

-    .24
....... -.05

f\C\

------ .13
...... .06
...... .18

0.41
.45 
.44

.36

.37 

.52

.48 

.45 

.45

.28 

.53 

.87

.43 

.37 

.36

.40

.41 

.41

-0.05 
.09 
.13

-.02
.04 
.05

-.12 
.02 
.09

.02 
-.04 

.06

-.01
-.05 

.14

-.04 
.05 

-.03

0.23 
.31
.24

.24 

.22 

.25

.31 

.28

.23

.17 

.15 

.21

.16

.22 

.22

.17 

.21 

.17

-0.09 
-.02 

.16

.09

.00 

.16

.23 

.30 

.39

-.05
.12
.05

.03 

.15

.27

-.01 
-.02 

.14

0.31 
.50 
.38

.28 

.29 

.30

.44 

.52 

.49

.22 

.25 

.23

.30

.27 

.40

.24 

.26 

.36

Analytical methods

Prorated discharge         

Cforjp fall .

Adjusted rating curve       

Ice-adjustment factor       
Pipe flow                

_   __ 2 50
.............. .31
.............. .21
.............. .07
.............. .40
.............. .02
.............. 1.14

OS

______ 48.T^O

.............. .07

.............. 35

4.54 
.54 
.54 
.34 
.54 

1.14 
.65 
.51 
.55 
.79 
.43

.18 
-.02

.08 

-.01

.18 

.04 

.04

.28 

.27 

.29

.23

.24 

.18 

.28

1.11 
.71 
.78 

1.63 
-.10 
1.85 
1.73

.32 

.13 

.01

1.93 
.58 
.72 

1.26 
.37 

2.81 
1.00

.36 

.50 

.26

'The number in parentheses indicates the hydrographer who compiled the streamflow record.

are reported in table 8 and are discussed for each method 
in subsequent sections.

Statistical analyses were performed for the six sub 
jective methods to analyze the variability of the results 
between the three hydrographers. Because the time series 
do not follow a normal distribution, the Kruskal-Wallis 
one-way analysis of variance (Conover, 1980) was used 
to evaluate the method results (table 9). The significance 
levels in this table represent the probability of a differ

ence between the hydrographers being attributed to ran 
dom chance. Thus, probabilities less than a chosen sig 
nificance level (0.025) indicate inconsistent results for 
the three hydrographers, and probabilities that exceed the 
significance level indicate consistent results for the three 
hydrographers. For example, the three hydrographers 
produced statistically similar (p=0.520) results for Clear 
Creek using the discharge-ratio method, whereas the 
three hydrographers produced statistically different

16 Evaluation of Selected Methods for Determining Streamflow During Periods of Ice Effect



Table 7. Percentage distribution of the relative error for the daily discharge values for selected ranges in error 

[>, greater than]

Method 1 0-5

percent
error

5-10

percent
error

10-15
percent

error

15-25
percent

error

25-50
percent

error

>50
percent

error

Total
number
of days2

Subjective Methods

Base-flow recession         
Discharge ratio           
Backwater shift            
Interpolated discharge        
Adjusted discharge        
Hydrographic-and-climatic comparison

15
17
21
20
23
23

13
19
16
11
18
17

11
13
16
11
11
15

19
20
19
16
15
19

24
21
18
20
20
17

18
10
10
22
13
9

636
636
636
636
636
636

Analytical Methods

Prorated discharge         
Discharge ratio          
Backwater shift         
Stage fall            
Adjusted rating curve       
Conductance correlation        
Multiple regression           
Index velocity           
Ice-adjustment factor           
Pipe flow             
Uniform flow          

    ... g
.......... 9
     13
.......... g
.......... 14
.......... o
.......... 7
.......... 26
_........ 13
.......... 15
.......... 12

10
9

10
4

14
3
7

13
11
12

8

10
12
12
4

14
1
4

12
14
10
6

11
16
16
10
14
4
5

15
19
19
15

19
21
18
22
26
17
15
17
20
20
41

42
33
31
52
18
75
62
17
23
24
18

212
212
212
145
212
145
212
118
212
145
145

'The subjective methods present the combined results for all three hydrographers.
2Number of ice-affected days available in determining the distribution of daily relative errors.

(p<0.001) results for Clear Creek using the interpolated- 
discharge method.

The statistics included in this report are intended to 
be a general comparison of method accuracy and should 
not be considered an absolute determination of the accu 
racy of each method.

Subjective Methods

Base-Flow Recession

The base-flow-recession method underestimated the 
baseline mean for the ice-affected periods for eight of the 
nine record compilations (three streams and three hydrog 
raphers). The average percent error between the method 
mean and the baseline mean for each stream is shown in 
table 5. The mean daily relative error ranged from -0.10 
to 0.16 (table 6). The standard deviation of the daily rela 
tive errors ranged from 0.23 to 0.50 for the nine compila 
tions (table 6). The relative error of the daily discharge 
values indicated that 15 percent of the daily values were 
excellent (0-5 percent error), 28 percent were good to ex 
cellent (0-10 percent error), and 39 percent were fair to 
excellent (0-15 percent error). Forty-three percent of the

daily values had relative errors between 15 and 50 percent, 
and 18 percent had relative errors greater than 50 percent 
(table 7). Only one of the nine discharge records was 
found to be significantly different (p<0.025) than the base 
line discharge record (table 8). The three hydrographers' 
streamflow records were significantly different (p<0.025) 
from each other for two of the three compilations and are 
marginal for the other compilation (table 9).

The base-flow-recession method requires a general 
knowledge of ice computation techniques and an under 
standing of streamflow recession. Each year a recession 
curve must be drawn or a coefficient for a recession equa 
tion must be defined. All other materials or data needed 
for method application are available for the existing 
streamflow-gaging network. The method is based on a uni 
form and predictable ice-affected recession. The method 
can be applied to all ice conditions except storm-runoff 
periods. The equation solution to this method could be 
adapted to automated data processing, and the equation 
would be updated periodically. This method could be used 
for ice computations within the existing U.S. Geological 
Survey streamflow-gaging network.

The base-flow-recession curve is based on the as 
sumption that the winter recession is a smooth curve. 
The data collected for this study do not fully support that

Evaluation of Methods 17
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Estimated by subjective methods. B, C, Estimated by analytical methods.

Evaluation of Methods 21



that the ratio of measured to rated discharge is repre 
sentative for the periods between discharge measure 
ments. The method can be applied to all ice conditions;

B
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however, if the discharge ratio is computed for one ice 
condition and used to define discharge during another 
condition, the results may not be reliable. The method
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is adaptable to automated data processing; however, the 
discharge-ratio curve would have to be manually devel 
oped. All other computations could be completed by 
automated methods. This method could be used for ice 
computations within the existing U.S. Geological Survey 
streamflow-gaging network.

The standard deviation of the relative error and the 
mean discharges for each station indicate that the results of

the discharge-ratio compilation for each station were simi 
lar. The Kruskal-Wallis one-way analysis of variance 
(table 9) shows generally consistent results for each sta 
tion, indicating that the method results are fairly reproduc 
ible. The accuracy of discharge estimates obtained by the 
method probably would be improved as users obtained 
more experience at drawing the ^-factor line. The schedul 
ing of discharge measurements for optimum definition of
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discharge. A, Estimated by subjective methods. B, C, Estimated by analytical methods.
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the discharge-ratio line probably would improve the meth 
od results. Given the ease of application, the reproducibil- 
ity, and the consistent and comparatively accurate results 
of the discharge-ratio method, it should be considered for 
wider use by the U.S. Geological Survey for compiling 
ice-affected streamflow.

Backwater Shift

The backwater-shift method underestimated the 
baseline mean for the ice-affected periods for one record 
compilation and overestimated the baseline mean for eight 
compilations. The average percent error between the method

mean and the baseline mean for each stream is shown in 
table 5. The mean daily relative error ranged from -0.12 
to 0.39 (table 6). The standard deviation of the daily rela 
tive errors ranged from 0.23 to 0.52 for the nine compila 
tions (table 6). The relative error of the daily discharge 
values indicated that 21 percent of the daily values were 
excellent (0-5 percent error), 37 percent were good to ex 
cellent (0-10 percent error), and 53 percent were fair to 
excellent (0 15 percent error). Thirty-seven percent of the 
daily values had relative errors between 15 and 50 percent, 
and 10 percent had relative errors greater than 50 percent 
(table 7). Four of the nine discharge records were signifi 
cantly different (p<0.025) than the baseline discharge
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record (table 8). The three hydrographers' streamflow 
records were significantly different (/?<0.025) from each 
other for one of the three compilations (table 9).

The backwater-shift method requires only a general 
knowledge of ice-affected streamflow computation tech 
niques. The method requires drawing a backwater-shift 
curve for ice-affected periods. All other materials or data 
needed for method application are available for the exist 
ing streamflow-gaging network. The method depends on 
individual judgment and experience for determining the ef 
fects of changing meteorological conditions on the back 
water curve. The method is based on the assumption that 
the stream backwater defined by discharge measurements 
is representative for the periods between measurements. 
This is the basis for the use of open-water-shift applica 
tion, but the variability of backwater from ice generally is 
greater during ice-affected periods. The method can be 
used for all ice conditions; however, if a backwater shift is 
computed for one ice condition and used to define dis 
charge during another condition, the results may not be re 
liable. The method is adaptable to automated data

processing; however, the backwater-shift curve would 
have to be manually developed. This method could be 
used for ice computations within the existing U.S. Geo 
logical Survey streamflow-gaging network.

The backwater shifts computed for the 6-week dis 
charge measurements observed during this study generally 
indicate backwater conditions exist only for a relatively 
brief period of time. Some improvement in the results for 
this method may be obtained as users become more expe 
rienced at drawing backwater curves. The scheduling of 
discharge measurements for optimum definition of the 
backwater-shift curve probably would improve the method 
results. The study results indicated that the back water-shift 
method has some value for determining discharge during 
storm-runoff periods (figs. 4-6), but that the method is not 
appropriate for compiling most ice-affected streamflow 
records. The method may have some value in identifying 
outlier data estimated by another method. By computing 
the backwater shift for each ice-affected discharge that is 
estimated by another method, erroneous or impossible con 
ditions may be identified.
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Interpolated Discharge

The interpolated-discharge method underestimated 
the baseline mean for the ice-affected periods for five 
record compilations, overestimated the baseline mean for 
two compilations, and correctly computed the baseline 
mean for two compilations. The average percent error be 
tween the method mean and the baseline mean for each
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stream is shown in table 5. The mean daily relative error 
ranged from -0.12 to 0.43 (table 6). The standard devia 
tion of the daily relative errors ranged from 0.15 to 0.87 
for the nine compilations (table 6). The relative error of 
the daily discharge values indicated that 20 percent of the 
daily values were excellent (0-5 percent error), 31 percent 
were good to excellent (0-10 percent error), and 42 per 
cent were fair to excellent (0-15 percent error). Thirty-six
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percent of the daily values had relative errors between 15 
and 50 percent, and 22 percent had relative errors greater 
than 50 percent (table 7). Two of the nine discharge 
records were significantly different (p<0.025) than the 
baseline discharge record (table 8). The three hydrogra- 
phers' streamflow records were significantly different 
(p<0.025) from each other for two of the three compila 
tions (table 9).

The interpolated-discharge method requires only a 
general knowledge of ice computation techniques. All 
other materials or data needed for method application are 
available for the existing streamflow-gaging network. The 
method is dependent on individual judgment and experi 
ence in determining the relative importance of discharge 
measurements and information from hydrographic com 
parison. The method does not rely on recorded stage or
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Table 8. Significance levels for the difference between estimated discharge for each 
method and the baseline discharge

[ , not computed]

Significance leveP

Method 1 Clear Creek Des Moines River Floyd River

Subjective methods

Base-flow recession (1)               0.565
Base-flow recession (2)               .120
Base-flow recession (3)               .831

Discharge ratio (1)          - -  .052
Discharge ratio (2)                . 139
Discharge ratio (3)                .007

Backwater shift (1)                .001
Backwater shift (2)               .007
Backwater shift (3)               .003

Interpolated discharge (1)              .228
Interpolated discharge (2)              <.001
Interpolated discharge (3)              .146

Adjusted discharge (1)                .070
Adjusted discharge (2)              .362
Adjusted discharge (3)                .281

Hydrographic-and-climatic comparison (1)    .051
Hydrographic-and-climatic comparison (2)    .883
Hydrographic-and-climatic comparison (3)    .025

Analytical methods

Prorated discharge                  .152
Discharge ratio                    .066
Backwater shift               .080
Stage fall                     .897
Adjusted rating curve                .003
Conductance correlation               .605
Multiple regression                  <.001
Index velocity                    .057
Ice-adjustment factor                 <.001
Pipe flow                    .299
Uniform flow                  .001

0.187
.307
.051

.160

.522

.475

.014

.941

.115

.897

.078

.146

.206

.163

.006

.058

.451

.167

.006

.312

.494

.308

.006

.364

.965

0.014
.682
.458

.057

.723

.156

.349

.239

.036

.433

.007

.152

.885

.004

.141

.512

.083

.525

.255

.018

.024

.106

.659

.009

.001

.040

.944

.878

'The number in parentheses indicates the hydrographer who compiled the streamflow record. 
Significance level of the modified Wilcoxon test. Methods found to be statistically different from 

the baseline data at the 5 percent level appear in bold print.

indicated open-water discharges for making discharge esti 
mates. Method application is, therefore, simplified, but the 
results probably are less reliable. The method is suitable 
for use in all ice conditions. Because the method depends 
on individual judgment rather than a systematic computa 
tion, the method is not adaptable to automated data proc 
essing. The method could be applied to the existing U.S. 
Geological Survey streamflow-gaging network. Because

ice-affected stage is not used, the method does not con 
sider a parameter normally recorded at streamflow-gaging 
stations.

The interpolated-discharge method is similar to the 
hydrographic-and-climatic-comparison method but does 
not use the indicated open-water discharges. The method 
was included in the study to assess the relative value of 
the indicated open-water discharges. The indicated open-
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Table 9. Results from the Kruskal-Wallis one-way analysis of variance comparing the 
record compilations by the three hydrographers with the baseline record for each 
method

[<, less than ]

Significance level (p) 1
Method Clear Creek Des Moines River Floyd River

Hydrographic-and-climatic comparison   -

- 0.071
con

264
- <.001

.001
138

<0.001 
.040 

<.001 
.002 

<.001 
.008

0.001 
<.001

.515 

.222 
<.001 

.013

'Methods where the three hydrographers were found to be statistically different from each 
other at the 5 percent level (p<0.025) appear in bold print.

water discharges, therefore, are an important factor in im 
proving the accuracy of ice-affected discharge estimates.

Adjusted Discharge

The adjusted-discharge method underestimated the 
baseline mean for the ice-affected periods for six record 
compilations, overestimated the baseline mean for two 
compilations, and correctly computed the baseline mean 
for one compilation. The average percent error between 
the method mean and the baseline mean for each stream is 
shown in table 5. The mean daily relative error ranged 
from -0.15 to 0.27 (table 6). The standard deviation of the 
daily relative errors ranged from 0.16 to 0.43 for the nine 
compilations (table 6). The relative error of the daily dis 
charge values indicated that 23 percent of the daily values 
were excellent (0-5 percent error), 41 percent were good 
to excellent (0-10 percent error), and 52 percent were fair 
to excellent (0-15 percent error). Thirty-five percent of the 
daily values had relative errors between 15 and 50 percent, 
and 13 percent had relative errors greater than 50 percent 
(table 7). Two of the nine discharge records were signifi 
cantly different (p<0.025) than the baseline discharge 
record (table 8). The three hydrographers' streamflow 
records were significantly different (p<0.025) from each 
other for all three compilations (table 9), and therefore the 
method is not very reproducible.

The adjusted-discharge method requires only a gen 
eral knowledge of ice computation techniques. All other 
materials or data needed for method application are avail 
able for the existing streamflow-gaging network. The 
method depends on individual judgment and experience in 
determining the relative importance of discharge measure 
ments, meteorological information, and the indicated open- 
water discharges. Application is simplified because 
hydrographic comparison is not used, but the results prob 
ably are less reliable than if data from other stations were

considered. The method can be applied to all ice condi 
tions. The method is not adaptable to automated data proc 
essing because it depends on individual judgment rather 
than a systematic computation. The method could be ap 
plied to the existing U.S. Geological Survey streamflow- 
gaging network. Because the method does not consider 
data from other streamflow-gaging stations, it does not use 
one of the major advantages of operating a comprehensive 
streamflow-gaging network.

The adjusted-discharge method is similar to the 
hydrographic-and-climatic-comparison method, but it does 
not use hydrographic comparison. The method was in 
cluded in the study to assess the relative value of hydro- 
graphic comparison. The results indicate that hydrographic 
comparison is an important factor for improving the accu 
racy of ice-affected discharge estimates.

Hydrographic-and-Climatic Comparison

The hydrographic-and-climatic-comparison method 
underestimated the baseline mean for the ice-affected pe 
riods for seven record compilations, overestimated the 
mean for one compilation, and correctly computed the 
baseline mean for one compilation. The average percent 
error between the method mean and the baseline mean 
for each stream is shown in table 5. The mean daily rela 
tive error ranged from -0.04 to 0.18 (table 6). The 
standard deviation of the daily relative errors ranged 
from 0.17 to 0.41 for the nine compilations (table 6). 
The relative error of the daily discharge values indicated 
that 23 percent of the daily values were excellent (0-5 
percent error), 40 percent were good to excellent (0-10 
percent error), and 55 percent were fair to excellent (0- 
15 percent error). Thirty-six percent of the daily values 
had relative errors between 15 and 50 percent, and 9 per 
cent had relative errors greater than 50 percent (table 7). 
Only one of the nine discharge records was significantly
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different (p<0.025) than the baseline discharge record, 
although two were marginal (table 8). The three hydrog- 
raphers' streamflow records were significantly different 
(p<0.025) from each other for two of the three compila 
tions (table 9).

The hydrographic-and-climatic-comparison method 
requires knowledge of ice-affected streamflow computa 
tion techniques. All other materials or data needed 
for method application are available for the existing 
streamflow-gaging network. The method is dependent on 
individual judgment and experience in determining the 
relative importance of discharge measurements, meteoro 
logical information, indicated open-water discharges, and 
information from hydrographic comparison. The method 
is suitable for application under all ice conditions. The 
method is not adaptable to automated data processing 
because it depends on individual judgment rather than a 
systematic computation. The method is applicable to 
the existing U.S. Geological Survey streamflow-gaging 
network.

The hydrographic-and-climatic-comparison method 
produced more reliable results compared with the other 
subjective methods, and the results were also comparable 
to those of the best analytical methods. This is the only 
method the test hydrographers were experienced with 
prior to this study. Experience may have been a factor in 
the results of this study.

Analytical Methods

Prorated Discharge

The prorated-discharge method overestimated the 
baseline mean for the ice-affected periods for all three 
record compilations. The average percent error between 
the method mean and the baseline mean for each stream 
is shown in table 5. The mean daily relative error ranged 
from 0.18 to 2.5 (table 6). The standard deviation of the 
daily relative errors ranged from 0.28 to 4.54 for the three 
compilations (table 6). The relative error of the daily dis 
charge values indicated that 8 percent of the daily values 
were excellent (0-5 percent error), 18 percent were good 
to excellent (0-10 percent error), and 28 percent were fair 
to excellent (0-15 percent error). Thirty percent of the 
daily values had relative errors between 15 and 50 per 
cent, and 42 percent had relative errors greater than 50 
percent (table 7). One of the three discharge records was 
significantly different (p<0.025) than the baseline discharge 
record (table 8).

The prorated-discharge method does not require any 
special knowledge or skill except for simple linear inter 
polation. All other materials or data needed for method 
application are available for the existing streamflow-gaging 
network. The method can be applied under all ice condi

tions. This method is adaptable to automated data proc 
essing because it is based on linear interpolation of meas 
ured discharge. The method could be applied to the existing 
U.S. Geological Survey streamflow-gaging network. Be 
cause the prorated discharge method does not use relevant 
data that are collected at most streamflow-gaging stations, 
the results will not be as reliable as those of methods that 
use more stream parameters.

The prorated-discharge method was included in the 
study to compare the results of the other methods with the 
results of linear discharge proration. The prorated-discharge 
method is not recommended for compiling ice-affected 
streamflow records.

Discharge Ratio

The discharge-ratio method underestimated the 
baseline mean for the ice-affected periods for one record 
compilation and overestimated the baseline mean for two 
compilations (three streams). The average percent error 
between the method mean and the baseline mean for 
each stream is shown in table 5. The mean daily relative 
error ranged from -0.02 to 0.71 (table 6). The standard 
deviation of the daily relative errors ranged from 0.27 to 
0.58 for the three compilations (table 6). The relative 
error of the daily discharge values indicated that 9 per 
cent of the daily values were excellent (0-5 percent er 
ror), 18 percent were good to excellent (0-10 percent 
error), and 30 percent were fair to excellent (0-15 per 
cent error). Thirty-seven percent of the daily values had 
relative errors between 15 and 50 percent, and 33 per 
cent had relative errors greater than 50 percent (table 7). 
One of the three discharge records was significantly dif 
ferent (p<0.025) than the baseline discharge record 
(table 8).

The discharge-ratio method requires only a general 
knowledge of ice-affected streamflow computation tech 
niques. The method uses a discharge-ratio curve developed 
each year. All other materials or data needed for method 
application are available for the existing streamflow- 
gaging network. The method is based on the assumption 
that the ratio of measured to rated discharge is representa 
tive for the periods between discharge measurements. The 
method can be used for all ice conditions; however, if the 
discharge ratio is computed for one ice condition and used 
to define discharge during a different ice condition, the re 
sults may not be reliable. The method is adaptable to auto 
mated data processing. The discharge-ratio line could be 
computed using automated data processing because this 
line is developed by linear interpolation. Linear interpola 
tion of the discharge-ratio line may cause obviously 
anomalous results during changing ice conditions. This 
method could be used for ice computations within the ex 
isting U.S. Geological Survey streamflow-gaging network.
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The discharge-ratio method was included in the study 
to compare the results of an analytical solution of this meth 
od with a subjective solution. Collection of discharge meas 
urements for optimum definition of the discharge-ratio line 
probably would improve the method results. The subjective 
solution produced more reliable results than the analytical 
solution; therefore, the analytical discharge-ratio method is 
not recommended for compiling ice-affected streamflow 
records.

Backwater Shift

The backwater-shift method overestimated the base 
line mean for the ice-affected periods for all three record 
compilations. The average percent error between the meth 
od mean and the baseline mean for each stream is shown in 
table 5. The mean daily relative error ranged from 0.08 to 
0.78 (table 6). The standard deviation of the daily relative 
errors ranged from 0.29 to 0.72 for the three compilations 
(table 6). The relative error of the daily discharge values 
indicated that 13 percent of the daily values were excellent 
(0-5 percent error), 23 percent were good to excellent (0- 
10 percent error), and 35 percent were fair to excellent (0  
15 percent error). Thirty-four percent of the daily values 
had relative errors between 15 and 50 percent, and 31 per 
cent had relative errors greater than 50 percent (table 7). 
One of the three discharge records was significantly differ 
ent (/?<0.025) than the baseline discharge record (table 8).

The backwater-shift method requires only a general 
knowledge of ice-affected streamflow computation tech 
niques. The method requires drawing a backwater-shift curve 
for ice-affected periods. All other materials or data needed 
for method application are available for the existing stream- 
flow-gaging network. The method is based on the assump 
tion that the stream backwater defined by discharge 
measurements is representative for the periods between meas 
urements. This is the basis for the use of open-water shift 
application, but the variability of backwater from ice gener 
ally is greater during ice-affected periods. The method can 
be used for all ice conditions; however, if a backwater shift 
is computed for one ice condition and used to define dis 
charge during another condition, the results may not be reli 
able. Linear interpolation of the backwater curve may cause 
obviously anomalous results during changing ice conditions. 
The method is adaptable to automated data processing. The 
backwater curve could be computed using automated data 
processing because the curve is determined by linear inter 
polation. The method could be used for ice computations 
within the existing U.S. Geological Survey streamflow- 
gaging network.

The backwater-shift method was included in the test 
to compare the results of an analytical solution of this meth 
od with a subjective solution. The subjective solution pro 
duced more reliable results than the analytical solution;

therefore, the analytical backwater-shift method is not rec 
ommended for compiling ice-affected streamflow records.

Stage Fall

The stage-fall method overestimated the baseline mean 
for the ice-affected periods for one record compilation and 
underestimated the mean for the other compilation. The av 
erage percent error between the method mean and the base 
line mean for each stream is shown in table 5. The mean 
daily relative errors were 0.07 and 1.63 (table 6). The stand 
ard deviations of the daily relative errors were 0.34 and 
1.26 (table 6). The relative error of the daily discharge val 
ues indicated that 8 percent of the daily values were excel 
lent (0-5 percent error), 12 percent were good to excellent 
(0-10 percent error), and 16 percent were fair to excellent 
(0-15 percent error). Thirty-two percent of the daily values 
had relative errors between 15 and 50 percent, and 52 per 
cent had relative errors greater than 50 percent (table 7). 
Neither of the two discharge records were significantly 
different (/?<0.025) from the baseline streamflow record 
(table 8).

The stage-fall method requires a general knowledge 
of slope stations and regression analysis. Determination of 
the least backwater rating and subsequent least fall curve 
requires some hydrologic judgment. Imperfectly defined 
curves reduced the reliability of the method for the sites 
examined. The method is empirical; however, it uses slope 
station concepts, which are widely accepted. The method 
appears to be applicable to all ice conditions, but it would 
be most suitable for complete ice cover. The method is 
easily adapted to automated data processing either through 
regression relations or table interpolation, and the resulting 
discharge values could be computed for the time unit used 
to record gage height for the streamflow-gaging station. 
Implementation throughout the U.S. Geological Survey 
streamflow-gaging network would require auxiliary-gage- 
height data and increased measurement frequency for at 
least two winters to define the necessary curves. The auxil 
iary-gage-height data would require either continuous gage- 
height monitoring or the use of observers to obtain daily 
gage-height values.

The results of the test of the stage-fall method are not 
directly comparable to the results for the other methods be 
cause a complete record is not available for all three stations 
and because the frequent measurement data collected during 
this study were used for the regression analyses. The method 
worked well for Clear Creek but produced poor results for 
the Floyd River. The location of the auxiliary gage for the 
Floyd River could account for the poor results. The method 
requires an auxiliary gage to establish the fall in the control 
section; if the auxiliary gage is outside of the control section, 
the results will be unreliable. The stage-fall method is not 
recommended for compiling ice-affected streamflow records.
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Adjusted Rating Curve

The adjusted-rating-curve method underestimated the 
baseline mean for the ice-affected periods for one record 
compilation and overestimated the mean for the other two 
compilations. The average percent error between the meth 
od mean and the baseline mean for each stream is shown 
in table 5. The mean daily relative error ranged from -0.10 
to 0.40 (table 6). The standard deviation of the daily rela 
tive errors ranged from 0.23 to 0.54 (table 6). The relative 
error of the daily discharge values indicated that 14 per 
cent of the daily values were excellent (0-5 percent error), 
28 percent were good to excellent (0-10 percent error), 
and 42 percent were fair to excellent (0-15 percent error). 
Forty percent of the daily values had relative errors be 
tween 15 and 50 percent, and 18 percent had relative er 
rors greater than 50 percent (table 7). One of the three 
discharge records was significantly different (/?<0.025) 
from the baseline streamflow record (table 8).

The adjusted-rating-curve method requires a general 
knowledge of ice computation techniques and open- 
channel hydraulics, and a familiarity with vertical velocity 
profiles and curve-fitting techniques. Determination of the 
ice and bed roughness requires a basic knowledge of hy 
draulics and curve-fitting techniques. The estimation of the 
roughness ratio and the proration of the roughness ratio 
between measurements reduces the reliability of the meth 
od. Because the method uses a roughness ratio to compute 
discharge, it is probably only valid for a complete surface 
ice cover. The method is easily adapted to automated data 
processing, and the resulting discharge values could be 
computed for the time unit used to record gage height for 
the streamflow-gaging station. Implementation throughout 
the U.S. Geological Survey streamflow-gaging network 
would require that vertical velocity profiles be obtained for 
at least three vertical locations during each ice-affected 
discharge measurement.

The adjusted-rating-curve method produced reason 
able results, although several methods were better for all 
three streams. This method shows that accounting for the 
roughness of the ice is an improvement over the 
backwater-shift (analytical) method. The adjusted-rating- 
curve method could be improved through a better under 
standing of the changes in shift and ice roughness over 
time. This method is recommended for further study for 
use in the U.S. Geological Survey streamflow-gaging 
network.

Conductance Correlation

The conductance-correlation method overestimated 
the baseline mean for the ice-affected periods for both 
record compilations. The average percent error between 
the method mean and the baseline mean for each compi

lation is shown in table 5. The mean daily relative errors 
were 0.02 and 1.85 (table 6). The standard deviations of 
the daily relative errors were 1.14 and 2.81 (table 6). 
The relative error of the daily discharge values indicated 
that less than one percent of the daily values were excel 
lent (0-5 percent error), 3 percent were good to excellent 
(0-10 percent error), and 4 percent were fair to excellent 
(0-15 percent error). Twenty-one percent of the daily 
values had relative errors between 15 and 50 percent, 
and 75 percent had relative errors greater than 50 per 
cent (table 7). One of the two discharge records was 
significantly different (/?<0.025) from the baseline 
streamflow record (table 8).

The conductance-correlation method requires knowl 
edge of basic regression techniques. The regression rela 
tion would require periodic update. The reliability of the 
method is a function of the estimated regression equation. 
For the three sites considered, the regression results were 
variable (table 3). One site (Des Moines River) failed to 
produce a statistically significant regression; therefore, data 
for this station were not compiled. The method is based 
on a statistical relation between discharge and stream con 
ductance. Although the form of the regression relation 
may be site specific, the general concept should be widely 
applicable to different ice conditions. The method is adapt 
able to automated data processing because it uses an equa 
tion. Implementation of the conductance-correlation 
method throughout the U.S. Geological Survey network 
would require continuous specific conductance monitor 
ing or the use of observers to obtain daily conductance 
values.

Although the conductance-correlation method per 
formed poorly, it produced reasonable discharge values 
during higher flows for Clear Creek (fig. 4). At lower 
flows, the regression relation is not sufficiently sensitive to 
accurately reflect small changes in discharge. However, 
the method has some merit in reproducing higher flows 
and perhaps could be used in conjunction with another 
method. Use of a method to scale the data to the 6-week 
discharge measurements would improve the accuracy of 
the conductance-correlation method (Melcher, 1988).

Multiple Regression

The multiple-regression method overestimated the 
baseline mean for the ice-affected periods for all three 
record compilations. The average percent difference be 
tween the method mean and the baseline mean for each 
stream is shown in table 5. The mean daily relative error 
ranged from 0.18 to 1.73, with a mean of 1.02 (table 6). 
The standard deviation of the daily relative errors ranged 
from 0.24 to 1.00, with a mean of 0.63 (table 6). The rela 
tive error of the daily discharge values indicated that 7 
percent of the daily values were excellent (0-5 percent
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error), 14 percent were good to excellent (0-10 percent 
error), and 18 percent were fair to excellent (0-15 percent 
error). Twenty percent of the daily values had relative er 
rors between 15 and 50 percent, and 62 percent had rela 
tive errors greater than 50 percent (table 7). All three 
of the discharge records were significantly different 
(/?<0.025) from the baseline streamflow record (table 8).

The multiple-regression method requires knowledge 
of advanced regression techniques. The method is based 
on a statistical relation between the dependent and inde 
pendent variables. The accuracy of the method depends on 
the development of an accurate regression equation. The 
results of the regression analyses for the three streams 
were variable (table 4). The method would only be appli 
cable to the ice conditions that were present during the 
discharge measurements used to establish the regression 
relations. Because the method uses an equation, the results 
are reproducible and the method is adaptable to automated 
data processing. Implementation throughout the U.S. Geo 
logical Survey network would require the appropriate cli- 
matological data for each site and compiled data for the 
correlated stations.

The application of the multiple-regression method 
made no attempt to incorporate the information from the 
6-week discharge measurements into the estimation proc 
ess. The method generally reproduced the shape of the 
hydrograph but tended to consistently over- or underesti 
mate the discharge (figs. 4-6). Use of a method to scale 
the data to the 6-week discharge measurements would im 
prove the accuracy of the multiple-regression method 
(Melcher, 1988). Continued use of the method would re 
sult in greater experience in determining relevant variables 
for the regression equations and could improve the accu 
racy of the method. The accuracy could be further im 
proved by increasing the discharge measurement frequency 
at the correlated stations. Further study of the multiple- 
regression method is warranted.

Index Velocity

The index-velocity method overestimated the base 
line mean for the ice-affected periods for both record com 
pilations. The average percent error between the method 
mean and the baseline mean for each stream is shown in 
table 5. The mean daily relative errors were 0.04 and 0.28 
(table 6). The standard deviations of the daily relative er 
rors were 0.51 and 0.18 (table 6). The relative error of the 
daily discharge values indicated that 26 percent of the 
daily values were excellent (0-5 percent error), 39 percent 
were good to excellent (0-10 percent error), and 51 per 
cent were fair to excellent (0-15 percent error). Thirty-two 
percent of the daily values had relative errors between 15 
and 50 percent, and 17 percent had relative errors greater 
than 50 percent (table 7). Neither of the two discharge

records were significantly different (/?<0.025) than the 
baseline discharge record (table 8).

The index-velocity method requires a general knowl 
edge of ice computation techniques, the ability to use and 
maintain velocity-monitoring equipment, and an under 
standing of the basic hydraulic principles of open-channel 
flow. The method is based on the principle that discharge 
is the product of mean velocity and cross-sectional area. 
The variation of the spatial distribution of velocity during 
periods of ice effect causes the relation between measured 
velocity and mean velocity to vary. The method can be 
used for all ice conditions; however, in this study the most 
reliable velocity data were obtained during complete ice 
cover. The method is adaptable to automated data process 
ing, and the resulting discharge values could be computed 
for the time unit used to record gage height and velocity 
for the streamflow-gaging station. Velocity data are diffi 
cult to obtain during anchor-ice conditions or for streams 
with a mean depth less than 1 ft. The use of this method 
throughout the existing U.S. Geological Survey network 
would require a large capital investment to purchase 
velocity-monitoring equipment. Future advances in such 
equipment and technology may make this method more 
suitable for widespread use.

The results of the test of the index-velocity method 
are not directly comparable to the results for the other 
methods because a complete record is not available for the 
Floyd River at James and because malfunctioning equip 
ment resulted in some missing records for the other two 
sites (figs. 4, 5). The results of the study indicate that the 
index-velocity method can produce satisfactory results. 
Many of the field and office procedures for applying this 
method were developed for this study. Repetitive use of 
this method probably would result in improvements in 
these procedures, make the method easier to use, and may 
improve the reliability of the results. Improvements in 
method accuracy probably could be obtained as field per 
sonnel became more experienced with the velocity- 
monitoring equipment. An improvement in the velocity 
record may also be obtained by using equipment that 
monitors an integrated stream velocity. The index-velocity 
method may be appropriate for use where the need for ac 
curate discharge estimates during ice-affected periods jus 
tifies the expense of collecting additional field data.

Ice-Adjustment Factor

The ice-adjustment-factor method overestimated the 
baseline mean for the ice-affected periods for all three 
record compilations. The average percent error between 
the method mean and the baseline mean for each stream is 
shown in table 5. The mean daily relative error ranged 
from 0.04 to 0.48 (table 6). The standard deviation of the 
daily relative errors ranged from 0.28 to 0.55 (table 6).
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The relative error of the daily discharge values indicated 
that 13 percent of the daily values were excellent (0-5 per 
cent error), 24 percent were good to excellent (0-10 per 
cent error), and 38 percent were fair to excellent (0-15 
percent error). Thirty-nine percent of the daily values had 
relative errors between 15 and 50 percent, and 23 percent 
had relative errors greater than 50 percent (table 7). One of 
the three discharge records was significantly different 
(p<0.025) from the baseline streamflow record (table 8).

The ice-adjustment-factor method requires knowl 
edge of open-channel hydraulics and general ice computa 
tion procedures. Proration of the float depth and 
ice-adjustment factor reduces the reliability of the method. 
The method is based on a simplification of Manning's 
equation. The method was developed for periods of stable 
ice cover; thus, application to other conditions could be 
unreliable. The method is easily adapted to automated data 
processing, and the resulting discharge values could be 
computed for the time unit used to record gage height for 
the streamflow-gaging station. Implementation to the U.S. 
Geological Survey network would require hydraulic- 
geometry tables before and after each winter and a reason 
able procedure for determining float depth and ice 
adjustment factor between measurements.

In general, the ice-adjustment-factor method should 
only be applied to conditions with a stable stage-discharge 
rating and stable hydraulic-geometry characteristics. Many 
of the sites in the U.S. Geological Survey streamflow- 
gaging network do not have stable stage-discharge ratings. 
Failure of the method to accurately reproduce the stream- 
flow records for this study can be attributed primarily to 
the instability of the sites chosen (H. Santeford, Michigan 
Technological University, written commun., 1988). The 
ice-adjustment-factor method may be appropriate for use 
where the need for accurate discharge estimates during 
ice-affected periods justifies the expense of the additional 
data tabulation and for stations with stable stage-discharge 
ratings.

Pipe Flow

The pipe-flow method overestimated the baseline 
mean for the ice-affected periods for one record compila 
tion and underestimated the mean for the other compila 
tion. The average percent error between the method mean 
and the baseline mean for each stream is shown in table 5. 
The mean daily relative errors were 0.07 and 0.13 (table 
6). The standard deviations of the daily relative errors 
were 0.79 and 0.50 (table 6). The relative error of the 
daily discharge values indicated that 15 percent of the 
daily values were excellent (0-5 percent error), 27 percent 
were good to excellent (0-10 percent error), and 37 per 
cent were fair to excellent (0-15 percent error). Thirty- 
nine percent of the daily values had relative errors between

15 and 50 percent, and 24 percent had relative errors 
greater than 50 percent (table 7). Neither of the two dis 
charge records were significantly different (p<0.025) from 
the baseline streamflow record (table 8).

The pipe-flow method requires knowledge of general 
hydraulic principles, regression-analysis techniques, and 
statistical judgment. The method is based on accepted hy 
draulic principles, although the regression relations result 
in an empirical component. Imperfect regression relations 
diminish the reliability of the> method. Because of the pipe- 
flow analogy, the method is strictly applicable to complete 
ice-cover conditions and would work best for stable condi 
tions. This method is directly applicable to automated data 
processing because equations are used, and the resulting 
discharge values could be computed for the time unit used 
to record gage height for the streamflow-gaging station. 
Implementation throughout the U.S. Geological Survey 
streamflow-gaging network would require auxiliary-gage- 
height data and the development of the regression relations 
based upon one or two winters with increased measure 
ment frequency. The auxiliary-gage-height data would re 
quire either continuous monitoring or the use of observers 
to obtain daily gage-height values.

The results for the pipe-flow method are not directly 
comparable to the results for the other methods because 
complete records are not available for all three stations and 
because the frequent measurement data collected during 
this study were used for the regression analyses. The 
method produced reasonable results for Clear Creek, yet 
performed poorly for the Floyd River. The location of the 
auxiliary gage for the Floyd River probably accounted for 
the poor results. The pipe-flow method is not recom 
mended for use in the U.S. Geological Survey streamflow- 
gaging network.

Uniform Flow

The uniform-flow method overestimated the baseline 
mean for the ice-affected periods for one record compila 
tion and underestimated the mean for the other compila 
tion. The average percent error between the method mean 
and the baseline mean for each stream is shown in table 5. 
The mean daily relative errors were 0.01 and 0.35 (table 
6). The standard deviations of the daily relative errors 
were 0.26 and 0.43 (table 6). The relative error of the 
daily discharge values indicated that 12 percent of the 
daily values were excellent (0 5 percent error), 20 percent 
were good to excellent (0-10 percent error), and 26 per 
cent were fair to excellent (0-15 percent error). Fifty-six 
percent of the daily values had relative errors between 15 
and 50 percent, and 18 percent had relative errors greater 
than 50 percent (table 7). One of the two discharge records 
was significantly different (p<0.025) from the baseline 
streamflow record (table 8).

36 Evaluation of Selected Methods for Determining Streamflow During Periods of Ice Effect



The uniform-flow method requires knowledge of 
open-channel hydraulics, vertical velocity profiles, and 
general curve-fitting techniques. Several assumptions are 
required for the computation of roughness, and the pro- 
ration of roughness and ice area between measurements 
reduces the reliability of the method. The method is 
based on Manning's equation and is probably suitable 
only for a surface-ice-cover condition. The method is 
easily adapted to automated data processing, and the re 
sulting discharge values could be computed for the time 
unit used to record gage height for the streamflow- 
gaging station. Implementation throughout the U.S. Geo 
logical Survey streamflow-gaging network would require 
auxiliary-gage-height data and complete vertical velocity 
profiles for at least three locations during each ice- 
affected discharge measurement. The auxiliary-gage- 
height data would require either continuous stage 
monitoring or the use of observers to obtain once-daily 
gage-height values.

The results of the test of the uniform-flow method 
are not directly comparable to the results for the other 
methods because complete records are not available for all 
three stations. The method produced excellent results, 
demonstrating low daily-error standard deviations for both 
sites, although Clear Creek showed a positive bias in the 
daily errors. The method could be improved through a bet 
ter understanding of changes in ice roughness and ice 
thickness. Incorporation of a general ice accretion/ablation 
model (Yapa and Shen, 1986) would improve the ice area 
and roughness characterizations over time. The uniform- 
flow method may be appropriate for use where the need 
for accurate discharge estimates during ice-affected peri 
ods justifies the expense of collecting additional field data.

NEEDS FOR FUTURE STUDY

The characteristics of ice and ice-affected stream- 
flow need further study. Several of the methods applied 
in this study could be improved by better characteriza 
tion of the ice thickness and roughness over time. An 
improved understanding of the ice accretion and ablation 
rate and its incorporation into these methods is required. 
For this study, uniform rates of ice accretion and ice 
roughness changes were assumed for application of sev 
eral methods (adjusted rating curve, index velocity, ice- 
adjustment factor, and uniform flow). If more were 
known about these changes, these corrections could be 
applied more realistically and the results for these meth 
ods would be more reliable.

On the basis of frequent measurement data collected 
at the three stations during this study, discharge varied 
more than expected. A study of the meteorological and en 
vironmental factors affecting the variability of streamflow

under an ice cover is warranted. The relative importance 
of these factors needs to be understood for reliable use of 
multiple regression to estimate ice-affected streamflow.

The frequent measurements at the three stations indi 
cate that streamflow is reduced by 40-50 percent during 
the initial freezeup period. The conditions affecting the 
magnitude and duration of the streamflow reductions due 
to freezeup need to be better understood.

The frequent measurements made during this study 
indicate that backwater conditions vary throughout the 
ice-affected periods. There is a need to better understand 
the nature of backwater from various ice conditions, the 
variation of backwater over time for more widespread 
conditions, and the factors that cause backwater from ice 
to vary. The reliability of the results of methods that are 
based on an estimate of backwater (backwater shift, ad 
justed rating curve) would be significantly improved if 
the processes affecting backwater from ice were better 
understood.

Rantz and others (1982) noted that the accuracy of 
ice-affected discharge estimates could be improved by 
using the discharge-ratio method to provide discharge 
estimates and then verifying these estimates using the 
hydrographic-and-climatic-comparison method. On the 
basis of the results of this study, the authors concur with 
this suggestion. The study results indicate that the dis 
charge-ratio method can produce reasonable discharge 
estimates and would be a reliable method for making ini 
tial discharge estimates. Any anomalous or outlier data 
obtained from the application of the discharge ratio 
method could be identified and corrected using the 
hydrographic-and-climatic-comparison method. The dis 
charge estimates could be further refined by computing 
the backwater shifts for the daily discharge estimates and 
inspecting these shifts for reasonable continuity. This 
procedure could be applied to the U.S. Geological Sur 
vey network without obtaining any new field data and 
could be adapted to automated-data-processing tech 
niques. The implementation of this procedure probably 
would improve the consistency and accuracy of ice- 
affected-streamflow estimates.

SUMMARY AND CONCLUSIONS

Ice affects the stage-discharge relation for some por 
tion of the winter at more than one-half of the streamflow- 
gaging stations operated by the U.S. Geological Survey. 
Ice-affected discharge usually is estimated using a method 
that is dependent on the judgment of the hydrographer and 
is not adaptable to automated data processing. To improve 
the reliability of estimates of ice-affected streamflow and 
the efficiency of processing streamflow records, proposed 
and existing methods for estimating ice-affected discharge
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records were evaluated for possible use by the U.S. Geo 
logical Survey.

Seventeen methods used for computing ice-affected 
discharge records were identified by a written survey of 
U.S. Geological Survey field offices and by a literature 
search. The methods were classified into two general cate 
gories for evaluation. Methods that require judgment are 
categorized as subjective, whereas methods that are based 
on a systematic computation are categorized as analytical. 
The methods were evaluated by applying them to data col 
lected at three stations in Iowa during the winter of 1987- 
88. A baseline data set was compiled by collecting data 
needed for application of the 17 methods and making dis 
charge measurements at 1- to 5-day intervals at the three 
stations. The discharge records for each method were com 
piled by simulating a normal 6-week field schedule. The 
subjective methods were independently applied by three 
hydrographers. The analytical methods were applied by the 
authors.

Each method was evaluated for subjective factors, 
including method costs, technical soundness, applicability 
to various ice conditions, compatibility with automated 
data processing, and suitability for use in the existing U.S. 
Geological Survey streamflow-gaging network. The meth 
ods were evaluated for accuracy by comparing the results 
for the 17 methods with the baseline data set.

The discharge-ratio and hydrographic-and-climatic- 
comparison methods generally produced more reliable re 
sults than the other subjective methods. Based on the 
results of this study, the base-flow-recession method may 
not be appropriate for use in compiling ice-affected 
streamflow records. A comparison of the results for the 
interpolated-discharge method, which does not use indi 
cated open-water discharge, and the adjusted-discharge 
method, which does not use hydrographic comparison, 
showed similar results, and indicated the following:

(1) The relative values of the use of hydrographic 
comparison and indicated open-water discharges are con 
sidered to be about equal.

(2) Comparing the results of the interpolated- 
discharge, adjusted-discharge, and hydrographic-and- 
climatic-comparison methods, the use of both indicated 
open-water discharges and hydrographic comparison im 
proves the accuracy of ice-affected discharge estimates.

On the basis of a nonparametric analysis of variance, 
two methods (adjusted discharge and base-flow recession) 
showed significant differences in the records worked by 
the individual hydrographers. The hydrographic-and- 
climatic-comparison and interpolated-discharge methods 
each had a moderate degree of subjectivity, whereas the 
discharge-ratio and backwater-shift methods were the most 
consistent.

The index-velocity, adjusted-rating-curve, and 
uniform-flow methods generally produced more reliable

results than the other analytical methods considered. The 
adjusted-rating-curve method was slightly more accurate 
at reproducing the mean discharge for the entire ice 
period, whereas the uniform-flow and index-velocity 
methods were slightly better at reproducing the daily 
discharges. The ice-adjustment-factor and discharge-ratio 
methods worked reasonably well for the Des Moines 
River (the most stable of the three streams) and probably 
would provide reasonable results for situations with a 
stable geometry and stage-discharge rating. The analyti 
cal prorated-discharge, discharge-ratio, backwater-shift, 
stage-fall, and pipe-flow methods are not recommended 
for use in compiling ice-affected streamflow records.

Based on the results of the evaluation for the three 
Iowa stations, the discharge-ratio and hydrographic-and- 
climatic-comparison methods were more accurate than the 
other subjective methods and about as accurate as the best 
analytical method. The index-velocity, adjusted-rating- 
curve, and uniform-flow methods could potentially be used 
for streamflow-gaging stations where the need for accurate 
ice-affected discharge estimates justifies the expense of 
collecting additional field data. The use of these methods 
may not be appropriate for certain ice conditions. The ice- 
adjustment-factor method may be appropriate for use at 
stations with extremely stable stage-discharge ratings and 
measuring sections. Further research is needed to refine 
these methods. The discharge-ratio and multiple-regression 
methods may produce reliable estimates of streamflow for 
varying ice conditions using information obtained from the 
existing U.S. Geological Survey streamflow-gaging net 
work. Improvements in the accuracy of the results of some 
of the methods may be obtained as users obtain more ex 
perience at method application.
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APPENDIX SURVEY SENT TO U.S. GEOLOGICAL SURVEY OFFICES AND SELECTED RESULTS

DISTRICT COMPLETED BY

1. Within each of the following climatic categories, defined by annual runoff, how many gages in your District are in 
the listed subcategories? These subcategories are defined by the number of days in which backwater from ice affects the 
normal stage discharge relation. Base the number of days on a typical year. Most Districts will have gages listed in only one 
or two climatic categories. The sum of the gages listed in the table should equal the total number of gages in your District.

Number of gages with: 
No ice-affected days

1-5 days of ice effect/year 

6-15 days of ice effect/year 

16-45 days of ice effect/year 

46-90 days of ice effect/year 

91-150 days of ice effect/year 

Greater than 150 days of ice effect/year

Less than
0.2 inch of

annual
runoff
(arid)

.2 to 2 inches
of annual

runoff
(semiarid)

2 to 5 inches
of annual

runoff
(subhumid)

Greater than
5 inches of

annual
runoff

(humid)

2. Within your District, approximately what percent of the total number of days in which the stage discharge 
relation is affected by ice is caused by the following conditions? If more than one condition exists simultaneously at a 
gaging station, consider only the predominant condition. (Your total percent should equal 100 percent.) (Descriptions of 
these ice conditions can be found in Water-Supply Paper 2175, volume 2, pages 360-363.)

frazil ice 

anchor ice

surface ice 

shore ice

3. Describe briefly the normal methods used by your District for determining discharge during periods of ice effect.

4. Describe any techniques used by your District for determining discharge during ice-affected periods which you 
think are unusual or have special merit.

5. Describe any formal projects or backyard efforts which your office has initiated or completed related to evaluating 
discharge during ice-affected periods. Briefly describe your efforts and conclusions or include a copy of any reports with 
your response to this questionnaire.

6. The following types of data are commonly used as the basis for determining discharge during periods of back 
water from ice. Please mark an "X" next to the data which are NORMALLY used by your office when computing or 
estimating stream discharge affected by backwater from ice.

.digital stage record 

.discharge measurements 

.recession curves or coefficients 

.discharge ratios 

.ice roughness 

_air temperature 

.snowcover records 

.hydrographic comparison 

_other, please describe _____

.stream velocity record 

.correlation with other stations 

.backwater shifts 

.measurements of ice thickness 

.graphic stage record 

.winter precipitation records 

.index stations 

observer information
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7. How important is the availability of analog stage record for determining discharge during ice-affected periods?

___necessary ___useful ___unnecessary

8. In your District, what is the frequency of discharge measurements made during ice-affected periods?

9. Estimate, for your District, how many total hours of additional time are used to process streamflow data for 
periods of ice effect. Estimate the additional field time necessary for data collection and office time to compute, check, 
and review ice-affected periods. "Additional" refers to the extra time necessary to determine streamflow during ice- 
affected periods compared with computing streamflow by the normal open-water method.

total hours of field time total hours of office time

10. For the gages in your District affected by backwater from ice, how important is the winter record in terms of 
data use? In other words, to what degree do users of the data consider accuracy of daily values during winter record to be 
important? Estimate the percent of ice-affected gages in the following categories:

Percent of winter record where accuracy is

____extremely important 
____very important

.important 
_not important

11. Data sets are needed to evaluate the available methods for computing discharge during ice-affected periods. 
Does your District have any stations in which discharge is defined by frequent discharge measurements during the ice- 
affected period (e.g., measurements at 7-10 day frequency)? Describe stations and data.

Table A1. Summary of responses to survey question one. Number of gages with ice-affected 
days, categorized by inches of runoff, listed by categories of number of days of ice effect per 
year

<0.2 in. of
annual
runoff

0.2 to 2 in.
of annual

runoff

2 to 5 in.
of annual

runoff

>5 in. of
annual
runoff

Total
gages

Number of gages with: 
No ice-affected days           

1-5 days of ice effect/year       
6 15 days of ice effect/year       
16-45 days of ice effect/year      
46-90 days of ice effect/year      
91-150 days of ice effect/year     
More than 150 days of ice effect/year

Total-           

77
9

11
13

1
4
0

115

234
81

100
136
89

194
15

849

239
42
64
72

131
146

3

697

2,343
468
480
789
575
212
88

2,893
600
655

1,010
796
556
106

4,955 6,616
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Table A2. Summary of responses to survey question one. Summary of days of ice effect for 
stations, by district

stream-gaging

District

Total number of
stream-gaging

stations

Number of stations
with ice- 

affected days
Total days of 

ice effect

Percent of
total days

with ice effect

ALABAMA             78
ALASKA               88
ARKANSAS              49
ARIZONA               80
CALIFORNIA             500
COLORADO               295
CONNECTICUT            48
FLORIDA                285
GEORGIA               108
HAWAII                 107
IDAHO                 228
ILLINOIS               135
INDIANA               167
IOWA                  118
KANSAS                142
KENTUCKY              104
LOUISIANA              70
MAINE                 44
MARYLAND, DELAWARE     100
MASSACHUSETTS          72
MICHIGAN               129
MINNESOTA             83
MISSISSIPPI              86
MISSOURI              107
MONTANA             161
NEBRASKA              144
NEVADA               96
NEW HAMPSHIRE, VERMONT    70
NEW JERSEY            100
NEW MEXICO             145
NEW YORK             184
NORTH CAROLINA          159
NORTH DAKOTA           73
OHIO                 125
OKLAHOMA             120
OREGON               259
PENNSYLVANIA            246
PUERTO RICO             49
RHODE ISLAND            15
SOUTH CAROLINA          120
SOUTH DAKOTA           110
TENNESSEE             105
TEXAS                 386
UTAH                 180
VIRGINIA              82
WASHINGTON            196
WEST VIRGINIA           70
WISCONSIN             97
WYOMING               101

Total               6,616

0
86

0
21
50

286
48

0
18
0

140
127
148
114
128
80

0
35
85
40
98
78

8
55

137
134
79
65
40

116
160
30
73

100
85

109
218

0
6
0

95
60
35

152
56
91
61
91
96

3,734

0
9976

0
343

1140
21063

528
0

54
0

5640
5786
6413
7178
1896
1480

0
2967
1315
1193
5413
9743

24
1698
9159
7309
1589
3005
280

3722
6408

274
9210
2900

455
678

6159
0

139
0

9765
180
169

8606
488

1078
971

8780
10223

175,397

0.00
31.06
0.00
1.17
0.62

19.56
3.01
0.00
0.14
0.00
6.78

11.74
10.52
16.67
3.66
3.90
0.00

18.53
3.60
4.54

11.50
32.16

0.08
4.35

15.59
13.91
4.53

11.76
0.77
7.03
9.54
0.47

34.57
6.36
1.03
0.62
6.86
0.00
2.54
0.00

24.32
0.47
0.12

13.10
1.63
1.51
3.80

24.80
27.73

8.09 (avg)
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Table A3. Summary of responses to question two. Number of days of ice 
effect for each type of ice (Rantz and others, 1982), by district

District

ALABAMA           
ALASKA             
ARKANSAS          
ARIZONA           
CALIFORNIA           
COLORADO           
CONNECTICUT         
FLORIDA           
GEORGIA           
HAWAII            
IDAHO            
ILLINOIS            
INDIANA
IOWA                 
KANSAS              
KENTUCKY           
LOUISIANA            
MAINE               
MARYLAND, DELAWARE
MASSACHUSETTS       
MICHIGAN          
MINNESOTA           
MISSISSIPPI       --   -   --     -
MISSOURI           
MONTANA           
NEBRASKA          
NEVADA            
NEW HAMPSHIRE, VERMONT
NEW JERSEY           
NEW MEXICO          
NEW YORK   -   --   -     -    
NORTH CAROLINA
NORTH DAKOTA
OHIO                     
OKLAHOMA          
OREGON            
PENNSYLVANIA        
PUERTO RICO          
RHODE ISLAND          
SOUTH CAROLINA
SOUTH DAKOTA        -   -   -
TENNESSEE            
TEXAS             
UTAH             
VIRGINIA              
WASHINGTON         
WEST VIRGINIA        -      
WISCONSIN             
WYOMING          

Total           

Days of
frazil

0
  100

0
86

0
  1,053

0
0
0
0

  1,128
  116

0
  215

0
74

0
0

66
0
0

  487
0

  255
92

  731
0

  150
0
0

  192
0
0

  290
0

13
  123

0
0
0
0
0

25
  430

15
21

  126
  351
  1,022

  7,161
4%

Days of
anchor

0
199

0
17
0

5,266
53

0
49

0
1,692

174
834
359
285

1,184
0

148
263
191
271
487

0
255
275

0
0

300
0

372
1,923

219
0

580
5

88
1,047

0
22

0
488

72
25

861
88

140
0

175
1,533

19,940
11%

Days of
surface

0
9,278

0
171

1,140
8,425

396
0
5
0

2,256
3,934
4,874
5,814
1,326

74
0

2,225
723
787

4,601
8,282

1
1,018
8,243
5,847
1,192
2,104

140
2,233
3,204

0
9,210

580
364
102

4,003
0

117
0

8,789
0

51
5,594

117
162

0
6,322
5,112

118,816
68%

Days of
shore

0
399

0
69

0
6,319

79
0
0
0

564
1,562

705
790
285
148

0
594
263
215
541
487

23
170
549
731
397
451
140

1,117
1,089

55
0

1,450
86

475
986

0
0
0

488
108
68

1,721
268
755
845

1,932
2,556

29,480
17%
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Table A4. Summary of responses to survey question six. Data used for estimating streamflow during ice-affected periods, by district

District

ALABAMA           
ALASKA            
ARKANSAS            
ARIZONA           
CALIFORNIA          
COLORADO             
CONNECTICUT         
FLORIDA             
GEORGIA              
HAWAII             
IDAHO             
ILLINOIS             
INDIANA             
IOWA             
KANSAS             
KENTUCKY           
LOUISIANA           
MAINE               
MARYLAND, DELAWARE       
MASSACHUSETTS        
MICHIGAN            
MINNESOTA             
MISSISSIPPI             
MISSOURI              
MONTANA           
NEBRASKA           
NEVADA               
NEW HAMPSHIRE, VERMONT
NEW JERSEY            
NEW MEXICO            
NEW YORK             
NORTH CAROLINA        
NORTH DAKOTA          
OHIO                         
OKLAHOMA          
OREGON            
PENNSYLVANIA        
PUERTO RICO           
RHODE ISLAND           
SOUTH CAROLINA
SOUTH DAKOTA           
TENNESSEE            
TEXAS             
UTAH             
VIRGINIA              
WASHINGTON         
WEST VIRGINIA          
WISCONSIN             
WYOMING          

Total            

DS digital stage record
DM discharge measurements
RC recession curves or coefficients
DR discharge ratios
IR ice roughness
AT air temperature
SR snowcover records
HC hydrographic comparison

DS

X

X
X

X
X
X
X
X

X
X
X
X
X

X
X
X
X
X
X
X
X

X
X
X
X
X

X

X
X
X
X
X
X

X
X

35

sv
cs
BS
MT
OS
WP
IS
OI

DM RC DR IR

XXX

X
X
X X
X

X X
XXX
X
X X
X
X

X
X
X X
X X
X

X
X
X
X
X
X
X
XXX
X
XXX
XXX
X
X
X X

X X

X
X
X X
X
X
X
X
X X
X X

40 8 12 0

stream velocity record

AT

X

X
X
X
X

X
X
X
X
X
X

X
X

X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X

38

SR

X

X

X
X

X
X

X

X
X

X
X

X

X

X

X

X

X
X

18

HC

X

X
X
X
X

X
X
X
X
X
X

X
X
X
X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
X

X

X
X
X
X
X
X
X
X
X

40

sv cs

X

X
X
X
X

X
X
X
X

X
X

X
X

X
X

X
X
X
X

X
X

X

X
X
X
X
X

X

0 28

BS MT GS

X

X
X

X' X X
X

X
X X

X
X X
X X
X X

X X
X
X
X

X X
X

X X

X

X
X X

X
X
X
X
X
X

X

X X
X
X

XXX
X

X X
X
X

11 3 36

WP

X

X
X
X
X

X
X
X
X
X
X

X
X
X
X
X

X
X
X
X
X
X
X
X

X
X
X
X
X

X

X
X
X
X
X
X

X
X

38

IS

X

X
X

X
X

X
X

X
X
X
X

X
X

X
X
X
X

X

X

X

X
X

X
X

24

OI

X

X
X

X
X
X
X
X

X
X

X
X

X
X

X

X
X
X

X

X

X

X

X

X
X

25

Total

0
11
0
7
7
13
8
0
0
0
10
13
9
11
10
7
0
6
10
7
11
10
0
9
10
9
5
9
8
8
13
4
9
11
9
6
11
0
7
0
11
7
9
8
11
6
6
10
10

356

correlation with other stations
backwater shifts
measurements of ice thickness
graphic stage record
winter precipitation records
index stations
observer information

44 Evaluation of Selected Methods for Determining Streamflow During Periods of Ice Effect



Table A5. Summary of responses to survey question seven. Impor 
tance of analog stage record for completing ice-affected streamflow 
record, by district

Necessary Useful UnnecessaryDistrict

ALABAMA            
ALASKA               X
ARKANSAS           
ARIZONA              X
CALIFORNIA              X
COLORADO             X
CONNECTICUT             X
FLORIDA            
GEORGIA               
IDAHO                  X
ILLINOIS                X
INDIANA                X
IOWA                  X
KANSAS                 X
KENTUCKY               X
LOUISIANA             
MAINE                  X
MARYLAND, DELAWARE     - X 
MASSACHUSETTS           X
MICHIGAN               X
MINNESOTA               X X
MISSISSIPPI           
MISSOURI                X
MONTANA               X
NEBRASKA                X
NEVADA                X
NEW HAMPSHIRE, VERMONT   - X
NEW JERSEY              X
NEW MEXICO             X
NEW YORK            X
NORTH CAROLINA   - -   - X
NORTH DAKOTA           X
OHIO                  X
OKLAHOMA              X
OREGON                 X
PENNSYLVANIA          X X
PUERTO RICO             
RHODE ISLAND          X
SOUTH CAROLINA         
SOUTH DAKOTA            X
TENNESSEE              X
TEXAS                 X
UTAH                   X
VIRGINIA                X
WASHINGTON             X
WEST VIRGINIA            X
WISCONSIN               X
WYOMING                X

Total                15 26 1
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Table A6. Summary of responses to survey question nine. Additional office 
and field hours used to compute streamflow during ice-affected periods, by 
district

District

AT AR AMA ________________
ALASKA            
ARKANSAS            
ARIZONA            
CALIFORNIA          
COLORADO          
CONNECTICUT         
FLORIDA           
GEORGIA   --                
HAWAII            
IDAHO              
ILLINOIS           
INDIANA           
IOWA               
KANSAS           
KENTUCKY            
LOUISIANA            
MAINE            
MARYLAND, DELAWARE
MASSACHUSETTS
MICHIGAN       -.-..- -.
MINNESOTA         
MISSISSIPPI          
MISSOURI             
MONTANA           
NEBRASKA          
NEVADA              
NEW HAMPSHIRE, VERMONT  
NEW JERSEY           .
NEW MEXICO          -.
NEW YORK            
NORTH CAROLINA          
NORTH DAKOTA
OHIO                
OKLAHOMA     -            
OREGON                  
PENNSYLVANIA        
PUERTO RICO   -             
RHODE ISLAND
SOUTH CAROLINA
SOUTH DAKOTA
TENNESSEE            
TEXAS              
UTAH                       
VIRGINIA             
WASHINGTON          
WEST VIRGINIA
WISCONSIN          
WYOMING          

Total            

Field
hours

0
  300

0
  220
  200
  400

96
0
0
0

  1,080
  280
  270
  488

128
0
0

140
80

186
  200
  540

0
  200
  950
  1,352
  300
  300

23
100

  990
0

  800
  1,000

20
  285

650
0

16
0

160
200

10
  200

10
  215
  240
  740
  1900

  14,269

Office
hours

0
350

0
450
200
450

48
0
0
0

960
285
540
635
192
100

0
350

80
568
500

2,000
0

100
3,900

610
250
400

95
400

1,420
0

400
1,500

45
512
600

0
56

0
340
250

80
100
56

388
120
670
900

20,900

Hours used per ice day
(field + office hours  * 

total days of ice)

0.07
 

1.95
0.35
0.04
0.27

0.00
 

0.36
0.10
0.13
0.16
0.17
0.07

0.17
0.12
0.63
0.13
0.26
0.00
0.18
0.53
0.27
0.35
0.23
0.42
0.13
0.38
0.00
0.13
0.86
0.14
0.76
0.20
 

0.52
 

0.05
2.50
0.53
0.03
0.14
0.56
0.37
0.16
0.18

0.30 (avg)
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Table A7. Summary of responses to survey question ten. Relative importance of stream-gaging 
station data, by district

District
Extremely 
important

Very 
important Important

Not 
important

Total
stations with 

ice effect

ALABAMA             0
ALASKA                3
ARKANSAS               0
ARIZONA              8
CALIFORNIA              0
COLORADO              14
CONNECTICUT             0
FLORIDA                0
GEORGIA               0
HAWAII                  0
IDAHO                 14
ILLINOIS                 0
INDIANA                 7
IOWA                 5
KANSAS                0
KENTUCKY               0
LOUISIANA               0
MAINE                4
MARYLAND, DELAWARE   -  0
MASSACHUSETTS           0
MICHIGAN               5
MINNESOTA              9
MISSISSIPPI              0
MISSOURI              0
MONTANA                0
NEBRASKA              0
NEVADA                0
NEW HAMPSHIRE, VERMONT  -  6
NEW JERSEY              0
NEW MEXICO             0
NEW YORK             10
NORTH CAROLINA        0
NORTH DAKOTA          0
OHIO               0
OKLAHOMA             0
OREGON               6
PENNSYLVANIA           6
PUERTO RICO           0
RHODE ISLAND            0
SOUTH CAROLINA          0
SOUTH DAKOTA   -  --    57
TENNESSEE              0
TEXAS                0
UTAH                0
VIRGINIA                0
WASHINGTON            4
WEST VIRGINIA          0
WISCONSIN              0
WYOMING              9

Total               167

0
7
0

11
0

72
0
0
0
0

28
4

22
45

0
0
0

24
0

20
10
16
0
0
0
0
0

52
4
0

48
0

73
0
0
0

22
0
3
0

10
0
0
8
0
0
0
2

29

510 
14%

0
62

0
2

25
157
48

0
0
0

98
76

119
10

128
80
0
7

77
20
83
43

0
55
82

134
79

7
12
46
56

0
0

100
85
76
72

0
3
0
9

60
35

137
56
64

0
86
48

2,337 
63%

0
14
0
0

25
43

0
0

18
0
0

47
0

54
0
0
0
0
8
0
0

10
8
0

55
0
0
0

24
70
46
30
0
0
0

27
118

0
0
0

19
0
0
7
0

23
61

3
10

720 
19%

0
86

0
21
50

286
48

0
18
0

140
127
148
114
128
80
0

35
85
40
98
78

8
55

137
134
79
65
40

116
160
30
73

100
85

109
218

0
6
0

95
60
35

152
56
91
61
91
96

3,734
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